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Medium density polyethylene (MDPE) pipes are extensively used for gas distribution 
system in Canada and worldwide. MDPE pipe material possesses time-dependent mechanical 
properties that governs the performance of the pipes in service. In this research, laboratory 
investigation is carried out to investigate the time-dependent behavior of a MDPE pipe material. 
Uniaxial tensile tests were conducted with samples (coupons) cut from the wall of a 60-mm 
diameter MDPE pipe. A tensile test with a sample of full cross-section of the pipe is also conducted 
to investigate the influence of sample type on the test results. The test program includes uniaxial 
testings at various strain rates to capture the effects of loading rates, creep testing and relaxation 
testing. The experimental results are used to develop a numerical approach for modeling the time-
dependent behavior using a commercially available finite element software, Abaqus.  The strain-
rate dependent material behavior of MDPE is incorporated in Abaqus through development of a 
user subroutine. The proposed modeling approach is found to successfully simulate the uniaxial 
test results. Applicability of the proposed modeling framework is demonstrated through 
investigating the time-dependent behavior of conventional buried MDPE pipe subjected to surface 
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1.1 Background and Motivation 
 Pipelines are the most efficient and common means of transporting gas, water, sewage, other 
fluids from one point to another. Cast iron, ductile iron, steel, and polymers are the common types 
of pipe materials used for liquid and gas transportation and distribution systems. In the last few 
decades, polyethylene pipe uses are increasing due to its several advantages over metallic pipes, 
the most relevant being the cost. In addition, the lightweight and flexibility offered by plastic pipes 
are likely to reduce the cost relating to pipe installation. According to PIPA (2001), plastic pipes 
require less maintenance during their lifetime operation if the pipes are properly designed and 
installed. Another key advantage is its virtual freedom from the chemical attack of soils, and 
ambient water and moisture. Being a non-conductor of electricity, polyethylene is immune to the 
electrochemical based corrosion process induced by electrolytes such as salts, acids, and bases. 
Under external loading, plastic pipes offer greater deformation tolerance and stress relaxation. Due 
to these advantages, plastics pipes can be used in a sturdy region, in the presence of aggressive 
chemicals and extreme climates. 
In North America, the usage of plastic pipes in the natural gas distribution system is more 
than 90%, of which 99% are plastic pipes (PIPA 2001). According to Stewart et al. (1999), due to 
the higher flexibility and long-term strength of medium density polyethylene (MDPE) compared 
to high-density polyethylene (HDPE), more than 60% of pipes used in the natural gas distribution 
industry are MDPE materials. These gas pipes are manufactured in a different size in diameter 
ranging from 12.5 mm to 600 mm and are available in a wide range of wall thicknesses. Usually, 
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large-diameter steel pipes are used to design high-capacity transmission lines that transmit natural 
gas from source to refineries, and small diameter plastic pipes are used in distribution locations. 
 However, the long-term performance of buried polyethylene pipes is not well-known, due 
to the lack of data available for an understanding of the time-dependent pipe-soil interaction. As 
polymer material possesses time, temperature, and strain-rate dependent behavior, analysis of 
buried pipe accounting for the time, temperature, and strain-dependent behavior requires complex 
algorithms. There is a common practice to use simple secant modulus in the analysis of polymer 
pipes to capture the time-dependent effects (Katona 1990, Moser 1997, Suleiman et al. 2003). 
Existing design codes (i.e., AASHTO 2010) recommend using short-term and long-term values of 
the modulus of elasticity of pipe material for calculating the short-term and long-term responses, 
respectively. However, the approach does not account for the non-linear rate-dependent stress-
strain behavior of the material. 
Several linear viscoelastic material models have been used in finite element analysis to 
investigate the mechanical response of HDPE pipes (Chua, 1986; Chua and Lytton, 1989; Hashash, 
1991; Moore, 1994;). Although most of the above-mentioned models can successfully simulate 
the stress–strain behavior at lower strain (less than 1%), these models were unsuccessful at higher 
strains. Linear viscoelasticity can be applied to polyethylene pipes when the stresses are about 
60% of the yield stress (Moore 1994). A nonlinear viscoelastic and viscoplastic modeling approach 
was then employed to reasonably simulate the stress-strain behavior under various loading 
conditions (Zhang and Moore,1997). Several other constitutive models were also developed for 
polymer materials to simulate the time-dependent behavior (Chehab and Moore 2006, Suleiman 
and Coree 2004, Siddiquee and Dhar 2015). However, very limited information is currently 
available on the study of MDPE pipe materials. Few authors expressed the modulus of elasticity 
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for MDPE pipe using the power-law relation of time (Husted and Thompson, 1985; Janson, 1985; 
Keeney,1999). According to Bilgin et al. (2007), these models are only applicable at lower strains 
(less than 1%).  
1.2 Objectives and Scopes 
The primary objectives of the dissertation are  
1. To develop a time-dependent constitutive model for MDPE pipe material; and  
2. To develop a feasible method to account for the time-dependent effect in the soil-pipe 
interaction analysis. 
The following methods were employed to achieve the objectives: 
1. Conduct an experimental investigation to identify the strain-rate dependent stress-
strain behavior, relaxation behavior, and creep behavior of MDPE pipe material;  
2. Develop rate-dependent constitutive relations through the interpretation of test results; 
3. Develop a FE modeling technique to simulate the nonlinear time-dependent behavior; 








1.3 Outline of the Thesis 
This thesis is prepared in the manuscript format. The outcome of the study is presented in five 
Chapters and one appendix (Appendix A). The outline is as follows:  
 
➢ Chapter 1 highlights the backgrounds, motivation, and objectives of the research work. 
 
➢ Chapter 2 presents a brief review. However, as the thesis is prepared in manuscript format, 
the problem-specific literature reviews are provided in Chapters 3 and 4. 
 
➢ Chapter 3 presents an extensive experimental and numerical investigation of MDPE pipe 
material behavior under uniaxial loading to characterize the nonlinear and time-dependent 
mechanical response under a wide range of loading histories.  The numerical modeling 
framework developed to simulate the time-dependent responses is discussed in this chapter. 
The chapter has been accepted for publication in the ASCE Journal of Materials in Civil 
Engineering. A part of the research has also been published in the CSCE Annual 
Conference 2019, Greater Montreal, Laval, Canada, June 12–15, 2019 (attached in 
Appendix A). 
 
➢ Chapter 4 presents the application of developed time-dependent modeling framework to 
investigate a conventional buried pipe subjected to ground and surface load, and a pipeline 
subjected to rate-dependent lateral ground movement. This research work has been 
submitted for submission to the ASCE Journal of Pipeline Systems – Engineering and 
Practice.  
 





As the thesis is prepared in manuscript format, the references cited in Chapters 3 and 4 are 
listed at the end of each chapter. The references cited in Chapters 1 and 2 are listed in the 
‘Reference’ section at the end of the thesis. 
 
Co-Authorship: The research presented in this thesis has been performed by the author of 
this thesis, Mr. Suprio Das, under the supervision of Dr. Ashutosh Sutra Dhar. He also prepared 























As the thesis has been written in manuscript format, a problem-specific literature review is 
presented in Chapters 3 and 4. This chapter provides a brief overview of the mechanical properties 
of polyethylene pipe, the theoretical background for the development of the constitutive models, 
and the relevant literature on both theoretical and experimental investigations. 
2.2 Polyethylene Pipe 
Plastics contain one or more polymeric substances which can be shaped by flow. The basic 
ingredients of plastics are polymers, which compose a broad class of materials like colorants, 
stabilizers, antioxidants, or other ingredients required to protect or enhance properties. 
Polyethylene (PE) was first invented by the Imperial Chemical Company (ICI) in 1933 in England 
(PPI 1993). In early days, high-pressure (14,000 to 44,000 psi) autoclave reactors and temperatures 
of 2000 to 6000 F were used for the polymerization processes, which was dangerous and 
expensive. Polyethylene produced at low pressure was first introduced in the 1950s, which is used 
for the manufacturing of pipes (PPI 1993).  
Plastics are mainly divided into two basic groups, thermosets, and thermoplastics. 
Thermosets include the composition of PE, polypropylene, and polyvinyl chloride in which 
polymer chains are chemically bonded to each other by new cross-links. Through cross-linking, 
thermoset resin forms a permanent and infusible shape. Thus, these cannot be re-melted after 
curing. Thermoplastics are similar to thermoset except for curing. In the case of thermoplastics, 
physical forces are applied to immobilize polymer chains, which prevent them from slipping each 
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other. Upon the application of heat, these forces weaken and allow the material to soften or melt. 
Thermoplastics are allowed to assume a new form or shape after melted, without significant 
alterations on its properties. 
Polyethylene is one of the most widely used thermoplastics in the world because of its good 
properties like excellent chemical inertness, toughness, ease of processing, and low electrical 
conductivity. The mostly used polyethylene are high-density polyethylene (HDPE), medium-
density polyethylene (MDPE), and low-density polyethylene (LDPE). HDPE consists of a long 
molecular chain without major branching, which helps the molecules to form closely packed 
together and causes high crystallinity. Due to high crystallinity, HDPE exhibits high tensile and 
compressive strength compared to MDPE and LDPE. On the other hand, LDPE consists of many 
long branches of the main molecular chain, which prevents the molecule from forming close 
packing together and causes low crystallinity. MDPE has less branching than LDPE and more 
branching than HDPE. It has a good impact and drops resistance, less notch sensitivity, and better 
cracking resistance than HDPE (AZOM 2001). 
2.2.1 Structure and Properties of Polyethylene 
Polyethylene is produced by the polymerization of ethylene molecules. In the microstructure 
of polyethylene, there exist two phases: crystalline and amorphous. In the amorphous region, there 
is no definite molecular arrangement. On the other hand, the polymer chain in the crystalline region 
aligns themselves in closely packed. Because of their close packing, crystalline regions are denser 
than amorphous regions. As polyethylene contains both regions, it is called semi-crystalline 
material. Fig. 2.1 shows the microstructure of amorphous, crystalline, and semi-crystalline 
structure. Both regions play an important role in determining the material's microscopic response. 
At room temperature, the amorphous component behaves like rubbery, which allows the 
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crystalline part to move and change shape without cleaving. The molecular chains are not broken 







      Fig. 2.1. Microstructure of, (a) Amorphous; (b) Crystalline; (c) Semi-crystalline (PPI 1993). 
In semi-crystalline material, polymer leads to high toughness due to this type of deformation. 
High-density polyethylene can consist of up to 90% crystalline region compared to 40% for low-
density polyethylene. 
2.2.2 Mechanical Behavior 
To explain the mechanical response of polymeric materials, it is important to understand the 
molecular structure of polymers. As stated earlier, polyethylene has two different molecular 
formations: Amorphous and Crystalline. Long-chain molecular formation of crystalline form the 
backbone of the structure. The crystallinity of molecular structure is mainly responsible for the 
elastic-like behavior of polyethylene. On the other hand, the amorphous short branches extending 
from these molecules form the cross-links with the adjoining crystalline molecules (Powel 1983). 
The amorphous structure is mainly responsible for the viscous behavior of polyethylene. The 





term mechanical response of polyethylene. The different properties of the high, medium and low-
density polyethylene can be explained from their respective molecular structure. 
Fig. 2.2 shows the schematic diagram of the typical stress-strain response of polyethylene. 
From Fig. 2.2, we can see that the stress-strain behavior of polyethylene can be categorized into 
three regions. The first region can be termed as an elastic region. In this region, polyethylene 
behaves like elastic material in which strain can be recovered instantaneously. The second region 
is termed the viscoelastic region. Both the viscous and elastic property of polyethylene are active 
in this region. The strain that occurs in this region is partly recovered due to the existence of elastic 
property. The third region is termed the viscoplastic region. Only the viscous property of 
polyethylene exists in this region. As there is no elastic property in this region, the strains remain 
irrecoverable. However, it is not possible to separate these regions during the straining process of 
polyethylene. In reality, the elastic region is too small that viscoelastic response can be observed 








                      Fig. 2.2. Stress–strain behavior for polyethylene (Weerasekara, 2011). 
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2.2.3 Time-Dependent Behavior of MDPE 
Like other polymer material, MDPE shows significant time-dependent behavior. Creep, 
stress relaxation, and strain rate dependence are the main characteristics of time-dependent 
behavior. Creep tests and relaxation tests are mostly used to determine the viscous properties of a 
material. 
The creep is the change in deformation with time when the material is held at constant load. 
Creep behavior can be subdivided into three categories: primary, steady-state creep, and tertiary. 
Fig. 2.3 shows a schematic diagram of the creep responses. For a material that exhibits creep 
behavior, creep compliance can be calculated from the creep curve. The compliance can be defined 
as (𝑡)/𝜎 , where (t) is the time-dependent strain and  is the stress.  For linear material, creep 
compliance is independent of the stress of the material. Single compliance can describe all creep 
behavior for that material. For nonlinear material, creep compliance is a function of stresses 
applied. Except at low stresses, the compliance of polyethylene is found to be significantly 
nonlinear (Ebbott, 1987). 






                           Fig. 2.3. Creep behavior of polyethylene (MC, 1999). 
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Stress relaxation is a decrease in stress with time when the material is held at constant strain. 
Fig. 2.4 shows a schematic diagram of the relaxation response. Similar to the creep compliance, a 
relaxation modulus can be calculated for the material, which shows relaxation behavior. It can be 
defined as a ratio of time-dependent stress to the applied strain. For linear viscoelastic material, a 
single relaxation modulus can be used to describe all relaxation responses. However, the relaxation 
modulus is strain-dependent for non-linear material. Bilgin et al. (2007) investigated the non-linear 









2.3 Theoretical Methods of Linear Viscoelastic Analysis 
2.3.1 Integral and Differential Formulations 
The mathematical theory of viscoelasticity is well developed for linear material. This theory 
is based on the Boltzman Superposition Principle: 1) the creep in a specimen is a function of the 
entire loading history, and 2) each loading step can be obtained by the simple addition to the final 
deformation. According to this principle, the total creep at time t can be obtained by the simple 
addition of each incremental stresses and is given by 
𝑐(𝑡) = ∆𝜎1 𝜓(𝑡 − 𝜏1) + ∆𝜎2 𝜓(𝑡 − 𝜏2) + ∆𝜎3 𝜓(𝑡 − 𝜏3) + ∆𝜎4 𝜓(𝑡 − 𝜏4) … ..    (2.1) 
where, 𝜓(𝑡 − 𝜏1) is the creep compliance function. The general form of equation (2.1) can 
be written as, 
                  𝑐(𝑡) = ∫ 𝜓(𝑡 − 𝜏) ?̇?
𝑡
−∞
(𝜏)𝑑𝜏  (2.2) 
Similarly, for the relaxation test, the stress at time t can be written as 
                  𝜎(𝑡) = ∫ 𝜙(𝑡 − 𝜏) ̇
𝑡
−∞
(𝜏)𝑑𝜏  (2.3) 
where, 𝜙(𝑡 − 𝜏) is the stress relaxation modulus. As the current strain or stress is determined 
by integration with time, the effects of the entire loading history are incorporated. Though this 
approach can describe creep and relaxation accurately for linear viscoelastic material, it becomes 




2.3.2 Mechanical Models 
The constitutive equation for an ideal viscoelastic material is defined as Hooke’s law, and 
the equation is as, 
                                                   𝜎 = 𝐸   (2.4) 
where, E is the constant modulus of elasticity. The constitutive equation for an ideal viscous 
material is defined by Newton’s law of viscosity, and the equation is, 
                                                  𝜎 = ƞ ̇   (2.5) 
where, ƞ is the coefficient of viscosity. The viscoelastic material has both of these properties. 
It responds to stress as if it were a combination of elastic solids and viscous liquid. The behavior 
of viscoelastic material can be represented as a linear combination of elastic spring, which obeys 
Hooke’s law and viscous dashpot, which obeys Newton’s law of viscosity. Maxwell model, Kelvin 
or Voigt model and Standard linear model are the simplest models used to predict the viscoelastic 
material response under different loading conditions. These models consist of spring and dashpot 
either in series or parallel, which also can be equivalently modeled as electrical circuits where 
stress is represented by voltage and strain rate by the current. And the viscosity of a dashpot is 






2.3.2.1 Maxwell Model 
 The Maxwell model can be presented by a purely elastic spring and a purely viscous damper 
connected in series, as shown in Fig. 2.5.  
 
 
                                                 Fig 2.5. Maxwell model. 
The conservation equation developed for the model is, 
                                                  𝜎 +
ƞ
𝐸
?̇? = ƞ ̇  (2.6) 
In this model, if the material is put under constant strain, the stresses gradually relax. At 
constant strain, the stress has two components: elastic component and viscous component. For the 
elastic component, the corresponding spring relaxes immediately upon the release of strain. For 
the viscous component, the corresponding dashpot relaxes with time as long as the strain is applied. 
The stress decays exponentially with time, which is accurate for most polymers. Though this model 







2.3.2.2 Kelvin-Voigt Model 
The Maxwell model can be presented by a purely elastic spring and a purely viscous damper 






                                         Fig. 2.6. Kelvin-Voigt model. 
The conservation equation developed for the model is, 
                                                  𝜎 = 𝐸 + ƞ ̇  (2.7) 
This model is used to describe creep behavior for a viscoelastic material. At constant stress, 
this model deforms at a decreasing rate and predicts strain to tend to 𝜎/𝐸 as times continue to 
infinity. Though this model can give a reliable prediction for creep behavior, it can not predict 





2.3.2.3 Standard Linear Solid Model 
The standard linear model is the combination of a spring and a Kelvin model in series, as 
shown in Fig. 2.7. It is the simplest model that describes both the creep and relaxation behavior of 






                                            Fig. 2.7. Standard linear model. 
The governing constitutive relation for this model is, 









̇   (2.8) 









2.4 Application of MDPE Pipe 
2.4.1 Manufacturing and Use of MDPE Pipe 
Nowadays, polyethylene pipes are becoming more popular than cast iron, ductile iron, and 
steel pipe due to their corrosion-resistant, fatigue resistant, leak-free joints, adaptability, and other 
advantageous properties. In recent years, MDPE is more widely used due to its higher flexibility 
and long-term strength than HDPE. However, there is a lack of knowledge and experience in using 
this material in piping, unlike traditional materials like concrete and steel. 
As a semi-crystalline polymer, the material property of MDPE is dependent not only on the 
chemical components but also on the crystallinity and morphology. Since the crystallinity and 
morphology are temperature dependent, the manufacturing process affects the properties of the 
final products. The factors related to the manufacturing process that may affect the properties of 
pipe materials are briefly discussed below. 
i) As a thermoplastic material, the MDPE pipe is manufactured by the extrusion 
process. If the cooling temperature and the cooling rate are not uniform from the 
outer surface to the inner, variance in crystallinity and morphology may be developed 
on the pipe wall's cross-section. Thus, significant variation in the mechanical 
properties might be developed across the pipe wall. 
ii) The mechanical properties might be affected by the orientation of the microstructure. 
During the MDPE extrusion, there is a velocity gradient with the minimum velocity 
at the pipe wall, which results in the extension orientation of the molecule. The 
degree of molecular orientation also depends on the cooling rate and extrusion 
temperature. If the extrusion temperature is high, the oriented molecules can relax 
more rapidly towards the random state. Pipe size and thickness also affect the degree 
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of molecular orientation. As the larger and thicker pipes are extruded and cooled 
more slowly, they tend to have a less uniform molecular orientation. 
iii) The mechanical properties of polyethylene are also affected by the residual stresses 
developed during solidification processes. Many workers investigated the residual 
stress effect on the mechanical performance of the pipe (e.g., Broutman, 1976; 
Williams et al., 1981; Bhatnager and Broutman, 1985; Beech et al., 1988; Doshi, 
1989). During the extrusion process of thermoplastic material, the outer surface 
freezes quickly to the required dimension, while the inner surface continues to cool 
and solidify gradually. As a result, the molten state's inner material tends to shrink 
away from the external layer upon solidification, which induces stresses in both the 
outer solidified layer and the inner layer upon solidification.  As the outer frozen 
layer is being ‘pulled in’ by the inner undergoing solidification layer, the developed 
stresses in the outer layer act as compression. In the case of the inner layer, these 
stresses act as tension as they are ‘constrained from shrinkage inward’ by the outer 
solidified layer. 
The manufacturing technology and the geometry of pipe products control the effect of these 






2.4.2 Performance Limit 
Limit state design provides a safe and cost-effective method for buried pipelines and it 
requires a clear understanding of the performance limits. Moore (1994) suggested three 
performance limits for the design of buried gravity flow polyethylene pipes: pipe deflection, stress, 
strain, and buckling. 
i) Pipe deflection: The pipe deflection limit is considered as the primary design 
criterion for flexible pipes. To ensure integrity and avoid leakage, the deflected shape 
of the MDPE pipe must be kept in allowable limits. Installation procedure and the 
properties of the surrounding soil largely control the deflection of pipes. According 
to Candian, the US, and European practice, the allowable change in diameter for 
polyethylene pipe is 7.5% (Zhang, 1996). 
ii) Limiting stress and strain: Stresses can be generated in the pipe wall due to inside 
pressure and the pressure from earth load on the outside surface of a pipe. Design 
can be performed by keeping the developed tensile stress below the tensile yield 
strength and compressive stress below the compressive yield strength. Similarly, the 
strain in the pipe wall can be kept below the tensile and compressive yield strains. If 
significant stresses and strains are developed in the pipe wall, slow crack growth may 
become a major concern. 
iii) Wall buckling: The wall buckling limit requires that the compressive hoop stress in 





2.5 Research on Polyethylene Pipe Performance 
2.5.1 Experimental Study to Determine Polyethylene Pipe Performance 
Laboratory tests were performed in the past to investigate the long-term performance of 
polyethylene pipes. Loven and Janson (1972) performed a relaxation test on pipe rings where the 
pipe ring was subjected to constant diametrical compression by point loads. The authors got 1000 
hours of relaxation behavior of pipe from this test.  To characterize the long-term creep behavior 
of PE, Findley started a long-term creep test in 1957, and the test was continued to provide data 
(Findley and Tracy, 1974; Findley 1987). The authors used the Boltzmann superposition principle 
to predict the short-term and long-term behavior of polyethylene pipe. It was reported from the 
research that long term creeps term behavior (230,000 h) can be well predicted than short term 
creep behavior (1900 h). Janson (1985) performed a stress relaxation test on smooth wall HDPE 
pipe rings for 10000 hours, where the ring was deflected to 4.6% and 13.7%, respectively. To 
account for the reduction of stiffness with time, he expressed the modulus of HDPE, at a particular 
strain level, as a power-law relation. 
Hashash (1991) performed a test on 24-inch diameter corrugated HDPE pipes under the 
condition of a constant rate of deformation and stress relaxation. He proposed the following time-
dependent secant modulus,  
                                       𝐸(𝑡) = 329 𝑡0.0859  (2.9) 
Di Francesco (1993) conducted a series of laboratory ring bending tests under a constant rate 
of deflection and load-relaxation with periodic short-term deflection increments. He found that the 
short-term tangent modulus of the pipe was independent of the previous loading. Under the 
additional deflection, the pipe behavior was like that it was never loaded. 
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Zhang and Moore (1997) performed extensive experimental work on samples cut from the 
thick-walled HDPE pipe to investigate its nonlinear time-dependent behavior. They conducted 
tests under constant strain rate, creep, stress relaxation, constant loading rate, abrupt change of 
strain rate, creep recovery, cyclic strain rate, and various combinations of these loading conditions 
and developed nonlinear viscoelastic and viscoplastic theoretical models. A nonlinear viscoelastic 
(NVE) model was found to predict well for constant rate conditions and relaxation behavior at the 
lower strains. A viscoplastic (VP) model performed better at the larger strains. 
Limited research information is currently available in the literature to describe the nonlinear 
time-dependent behavior of the MDPE pipe. Bilgin et al. (2007) performed an extensive laboratory 
test to investigate the time-dependent stress relaxation behavior under mechanical and thermal 
conditions for the MDPE pipe. They investigated the pipes for a temperature range between -6.7 
and 49C to represent the full range of temperatures expected in the field. It was reported that the 
pipes behave in a manner consistent with linear viscoelastic theory within the expected range of 
temperature. Simple power-law relaxation formula could be used to determine the pipe stresses. 
2.5.2 Analytical Models Used to Determine Polyethylene Pipe Performance 
Few analytical models have been developed by the authors to determine the viscoelastic 
response of polyethylene pipes. Among them, mostly used models are the Power law model and 





2.5.2.1 Power Law Model 
Ignoring the temperature dependency, the stress-strain relationship for the viscoelastic 
material can be expressed in the following form, 
                                                 𝜎 = 𝑓( , 𝑡)  (2.10) 
At lower strain, equation (2.9) can be written as, 
                                                 𝜎 =  𝑓(𝑡)  (2.11) 
This is termed as “linear” viscoelasticity. Based on this assumption, the relaxation modulus 
of the pipe at a given time can be written as, 




−𝑛  (2.12) 
 Here, 𝐸0 and 0 indicates the modulus and the corresponding strain at time, 1 minute and n 
indicates the rate of stress relaxation. Table 2.1 shows different n values obtained for MDPE pipe. 
 Table 2.1. Relaxation power-law exponent for MDPE. 
 
 
 Nominal Temperature Power Law Exponent,n 
Husted and Thompson (1985) 70 0F 0.105 
Janson (1985) 70 0F 0.081 
Keeney (1999) 20 to 120 0F 0.085 ± 0.01 
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2.5.2.2 Hyperbolic Constitutive Model 
The hyperbolic model is one of the simplest approaches to model nonlinearity. Kondner 
(1963) and Duncan and Chang (1970) introduced a simplified hyperbolic model to characterize 
the time-dependent nonlinear response of the soil. The general equation of the hyperbolic model 
is given as, 
                                                𝜎 =
𝑚+𝑛
                                                            (2.13) 
Here, ‘m’ and ‘n’ are the constants to be estimated through nonlinear regression analysis 
with test results. 
Considering the strain rate dependent behavior of polymer materials, Suleiman and Coree 
(2004) proposed a modification to the hyperbolic model. This model can be presented in the 
following format, 
                                         𝜎 = 𝐸𝑖𝑛𝑖 (1+ƞ
)                                                 (2.14) 
Where 𝐸𝑖𝑛𝑖 and ƞ are hyperbolic constants. These constants are strain-rate dependent and 
can be obtained using the following equations, 
                                         𝐸𝑖𝑛𝑖 = 𝑎( ̇)
𝑏                                                     (2.15) 
                                        ƞ = 𝐸𝑖𝑛𝑖 (
𝑎( ̇ )𝑏
𝑐+𝑑𝑙𝑛( ̇ )
)                                                  (2.16) 
Where ̇ is the strain rate, and a, b, c, d are constants that can be determined by fitting with 
the stress–strain responses obtained from uniaxial tension or compression tests. 
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The hyperbolic constants obtained for HDPE pipe material are listed in Table 2.2 (Zhang 
and Moore, 1997) 




Though this model can provide a simple framework for accurate modeling of stress–strain 
behavioral patterns for viscoelastic material, it is not capable of modeling plastic (permanent) 
deformations and unloading responses. However, it is more efficient with a smaller number of 
input parameters than polynomial functions. 
2.5.3 Numerical Study to Determine Polyethylene Pipe Performance 
Many factors can affect pipe behavior like pipe material, surrounding soil material, 
installation procedure, loading conditions, time, and many others. Laboratory or field tests are 
limited to conducting exhaustive parametric studies to investigate failure modes as they are both 
time-consuming and costly. In this case, a numerical simulation may be a useful alternative as it 
requires much less time and cost. 
However, numerical analysis of soil-pipe interaction for polyethylene pipes is complex as 
the behavior of polymer material is time, temperature, and strain rate dependent. The behavior of 
polymer material consists of an instantaneous elastic response following by viscoelastic 
(recoverable) and viscoplastic (irrecoverable) deformations. As the viscoelastic behavior initiates 
at a low-stress level, it is difficult to identify a well-defined yielding point beyond which permanent 







strains develop. Several studies were conducted to investigate the performance of buried HDPE 
pipe using two-dimensional finite element analysis (Katona, 1988; Hjelmquist and Storakers, 
1987; Chua, 1986; Chua and Lytton, 1989). Then, Moore (1994) developed a three-dimensional 
finite element model to investigate the response of corrugated polyethylene pipe under parallel 
plate loading. In both two dimensional and three-dimensional analyses, linear viscoelastic 
constitutive relations were applicable for HDPEat small deflections (Moore, 1994). The limit of 
applicability of linear viscoelasticity for HDPE were found to be about 0.008 strains (Zhang, 
1996). Zhang and Moore (1997) developed a nonlinear viscoelastic and viscoplastic model for 
large deflection problems. This model could effectively predict the HDPE response under 
monotonic loading conditions. Pipe responses associated with unloading, strain reversal, and 
cyclic loading were poorly predicted using the model. To overcome these limitations, few other 
constitutive models were developed for polymer materials (Chehab and Moore, 2006; Suleiman 
and Coree, 2004; Siddiquee and Dhar, 2015). However, none of these models used widely as they 
are not implemented in commercially available finite element software. Muntakim et al. (2018) 
have developed a model using commercially available finite element software, Abaqus (Dassault 
systems 2015) which can reasonably predict the rate-dependent and time-dependent behavior of 
HDPE.  
Very limited information is currently available on modeling the time-dependent behavior of 
MDPE pipe materials. To model the time dependent response of MDPE, Bilgin (2014) used the 
built-in feature for the Prony series available in a commercially available FE software, Abaqus. 
He successfully simulated the relaxation behavior of MDPE at very low strain levels (strain < 
0.008). This model cannot capture the nonlinearity of pipe material at higher strains. Therefore, a 
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non-linear material model is required to be developed that can capture the rate-dependent and time 
dependent effect of MDPE pipe material. 
2.6 Summary 
An overview of polyethylene pipe material and theoretical and experimental methods used 
for predicting pipe behavior have been reviewed in this chapter. Although many studies are 
available on the characterization of HDPE's nonlinear behavior, very limited information is 
currently available on the MDPE pipe materials. Several studies focused on analyzing the viscous 
behavior of pipes. Some of them are only suitable for lower strain levels and are complex for 
application in engineering design. This study aims to develop a numerical modeling technique to 
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3.1 Introduction 
The use of polymer pipes has been increased significantly over the last few decades due to 
their various advantages over metal pipes, including low cost, lightweights, ease of installation, 
and corrosion resistance. Water supply, cold water distribution, sewer, gas distribution, and 
irrigation are the major areas of application of the polymer pipes. Medium-density polyethylene 
(MDPE) pipes are widely used for water and gas distribution systems.  These buried distribution 
pipes are subjected to loads from the weight of the soil column above the pipe, the surcharge loads 
including live traffic and dead loads, internal pressure, and loads from ground movement resulting 
from landslides and seismic activities if any. The behavior of the pipes under these loads is 
influenced by their interaction with the surrounding soil. Soil-pipe interaction analysis is generally 
performed to understand the behavior of pipes subjected to various loads. However, modeling of 
soil-pipe interaction for polyethylene pipes is complex as the behavior of polymer material is time, 
temperature, and strain rate dependent. Polymer materials exhibit an instantaneous elastic response 
following by viscoelastic (recoverable) and viscoplastic (irrecoverable) responses. As the 
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viscoelastic behavior initiates at a low-stress level, it is hard to identify a well-defined yielding 
point beyond which permanent strains develop. 
Studies on understanding the viscoelastic and/or viscoplastic behavior for MDPE pipe 
material are very limited in the available literature. Hamouda et al. (2007) conducted uniaxial 
"tension-relaxation" tests using samples cut out from a thick-walled MDPE pipe. Based on the 
tests conducted at two different strain rates, they revealed that the behavior of MDPE is highly 
nonlinear and strain-rate dependent. Liu et al. (2008) conducted creep tests with three different 
High-Density Polyethylene (HDPE) materials and an MDPE pipe material. They revealed that the 
responses of polyethylene materials could be significantly different under loads due to differences 
in their molecular structures. Using the creep test results, they determined parameters for a multi-
Kelvin type viscoelastic model for these materials.  Bilgin et al. (2007) examined the thermal and 
mechanical properties of an MDPE pipe material through stress relaxation tests and temperature 
ramp tests with full-scale pipe segments. They proposed constant relaxation modulus, 
instantaneous modulus, and stress relaxation rates, which are assumed to be independent of the 
applied strain rate. However, Hamouda et al. (2007) revealed that the relaxation behavior of the 
material could significantly depend on the applied strain rate. None of these studies extensively 
investigated the strain-rate dependent stress-strain relations and the relaxation/creep behavior of 
the MDPE.   
 Several studies were conducted in the past for modeling the nonlinear time-dependent 
behavior of polyethylene pipe materials with attention to HDPE. Tobolosky (1960) used 
convolution integral to simulate the viscoelastic behavior, which relates time-dependent stress with 
strain by a relaxation modulus. Popelar et al. (1990) expanded this method to include nonlinearity 
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and temperature effects in stress relaxation behavior. Time-dependent relaxation moduli of HDPE 
pipe material were also developed as power-law relations with time (Chua and Lytton 1989; 
Hashash 1991). However, the time-dependent relaxation modulus can only be used to assess the 
responses at a particular strain level for which the power-law equation is developed. It cannot be 
used to evaluate the overall strain rate dependent responses of the viscoelastic or viscoplastic 
material.   Few other constitutive models were developed for polymer materials that overcome the 
limitations (Moore 1994; Zhang and Moore, 1997; Chehab and Moore, 2006; Suleiman and Coree, 
2004; Siddiquee and Dhar, 2015; Hamouda et al. 2007). These models were used for finite element 
(FE) modeling of the time-dependent behavior of the materials. The major challenges with these 
models include: i) obtaining the model parameters from laboratory tests that would reasonably 
represent the real behavior, and ii) the complexity of the models for implementation in 
commercially available FE codes. Viscoelastic models based on Prony series are becoming popular 
recently due to its ease of implementation in FE codes (Bilgin 2014; Swain and Ghosh 2019). The 
Prony series is defined as an arrangement of several Maxwell elements in series with a parallel 






                                  Fig. 3.1. Prony series model. 
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 Mi = i
th Maxwell element with Ei and τi 
 n= Number of Maxwell elements 
Ei  = Elastic modulus of i
th increment 
 τi  = Viscosity of i
th increment 
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Bilgin (2014) used the built-in feature for the Prony series available in a commercially 
available FE software, Abaqus, and successfully simulated the relaxation behavior of an MDPE 
pipe material at very low strain levels (strain < 0.008). At these levels of strain, the stress–strain 
response of the pipe material is almost linear. However, at higher strains (or stresses), the stress–
strain response of the pipe material is nonlinear, which cannot be captured using the conventional 
Prony series. Bilgin (2014) obtained the model parameters from the relaxation tests data of Bilgin 
et al. (2007). The creep and the effects of strain rate on the stress–strain responses were not 
investigated in their study.  
The objectives of the current study are to experimentally investigate strain-rate dependent 
stress–strain behavior, relaxation behavior, and creep behavior of a MDPE pipe material and to 
develop a numerical method to simulate the nonlinear time-dependent behavior.  The motivation 
of this study is the need to model the MDPE distribution pipes subjected to lateral ground 
movements at different rates. The pipelines are often subjected to lateral ground movements at 
various rates causing strains in the axial directions of the pipes. However, test results and a material 
model are currently not available for modeling of these pipes experiencing various scenarios of 
the ground movements. This study focuses on extending the database in the body of knowledge 
for MDPE pipe material, including the development of modeling techniques using commercially 
available FE software. The study includes 1) an experimental investigation of strain-rate dependent 
stress-strain behavior, relaxation behavior, and creep behavior using uniaxial tension tests. Tests 
with a complex loading history were also performed; 2) the development of rate-dependent 
constitutive relations for use in the FE modeling; 3) the development of a FE modeling technique 
to simulate the nonlinear time-dependent behavior. In the time-dependent modeling technique, 
strain-rate dependent stress-strain models are used to simulate loading and unloading behavior, 
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and a power-law type creep-law model is used to simulate the creep/relaxation behavior. The 
models developed using the uniaxial tests can be applied for generalized models with multi-axial 
stress conditions using the von Mises theory (Chehab 2008, Siddiquee and Dhar 2015). The 
proposed method is validated through comparison with test results and the results from FE analysis 
using conventional Prony series. 
3.2 Test Methods  
Tensile tests were performed to investigate the time-dependent behavior (strain rate effect, 
creep, and relaxation) of an MDPE pipe material commonly used in the Canadian gas distribution 
system (CSA B 137.4 certified). A test was first conducted on a whole pipe segment. Cholewa et 
al. (2011) showed for a HDPE pipe that the stress-strain responses from whole pipe segment tests 
are different from those from coupon tests. The difference is attributed to the presence of residual 
stresses in the whole pipe resulting from the manufacturing process. However, the residual stress 
resulting from the manufacturing process is generally unknown, which may be different for pipes 
with different diameters. As a result, it would be challenging to interpret the results from a whole 
pipe segment test for the development of a constitutive model of the material. The residual stresses 
are released when the coupons are cut from the pipe wall. Thus, the coupon tests can be used to 
investigate the behavior of the pipe material, avoiding the influence of the residual stresses.  
Coupon tests were therefore used in the present study. The whole pipe test was used to examine 
the extent of the impact of residual stresses on the pipe considered in this study. 
For the whole pipe test, a segment of a 42.2 mm diameter pipe was used with a gauge 
length of 500 mm. The pipe wall thickness is 4.5 mm. A special arrangement at the ends of the 
sample was made to apply axial tension using Universal Testing Machine (UTM) (Fig. 3.2a). This 
arrangement included inserting a threaded metal block of a circular cross-section at each end, well-
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fitted inside the pipe (Fig. 3.2b). The metal blocks offer reactions against the gripping forces from 
the jaws of UTM, allowing the jaws to hold the pipe sample firmly without lateral deflection of 
the pipe sample. The load was applied to the sample using the vertical movement of the upper 
crosshead of the machine. The upward movement of the crosshead causes a tensile load, and 








Fig. 3.2. Test set up and loading apparatus for full pipe test: (a) UTM machine; (b) Mechanism of 
grips. 
A load transducer, which was mounted in series with the specimen, measures the applied 
load and converts the load into an electrical signal that an automated control system measures and 
displays. The change of the height of the specimen was measured by recording the ram position 
through the displacement transducer of the Instron machine, and the corresponding load was 
measured by a load cell. A computer-controlled system was used to monitor and record the outputs 
of the displacement transducer and the load cell. 
For the coupon tests, the samples were prepared according to ASTM D638-14 
specifications (ASTM 2003). A water jet was used for cutting the pieces from the wall of 60.3 mm 













The length of the test specimens was parallel to the length of the MDPE pipe.  The coupon 
specimens were tested under uniaxial tension using an INSTRON (5585H) machine equipped with 
a load transducer (Fig. 3.3). A schematic of the samples is shown in Fig. 3.3a. For measuring strain 
in coupon specimens, Debnath et al. (2019) used uniaxial strain gauges at the center of the 
specimens for a cast iron pipe material. However, strain measurement using strain gauges was 
considered unsuitable for the flexible MDPE coupons since the adhesive for gluing the strain 
gauges can stiffen the specimen surface, affecting the measured strains (Brachman et al. 2000).  















Fig. 3.3. Test set up and loading apparatus for coupon tests: (a) Schematic of coupon specimen; 
(b) Tensile testing machine. 
3.7 mm 
. . 13mm 19mm 
Gauge length (50 mm) 25 mm 










Tests were conducted under constant strain rates, creep at certain stress levels, and 
relaxation at certain strain levels. The movements of the crosshead of the machine were used to 
control the displacement rate during the application of the load. Measured strains (using 
extensometer) and the corresponding time intervals were then used to interpret the strain rates 
applied during the tests. The tests were managed, and data was obtained using a computer-
controlled system equipped with an Instron proprietary software. All tests were conducted at room 
temperature (22  1C). 
The same test was repeated two or three times to examine the repeatability of the test 
results. Table 3.1 shows a summary of the test program undertaken. As shown in the table, a total 
of 35 tests were conducted. Tests 1 to 21 are constant strain rate tests conducted at various strain 
rates, Tests 24 to 29 are relaxation tests, and Tests 30 to 35 are creep tests. Tests 22 and 23 were 
performed to examine the effect of loading history on stress–strain behavior. In Tests 22, the strain 
rate was changed during the test, and in Tests 23, a loading-unloading-reloading cycle was applied. 
Engineering stresses and strains were calculated based on the measured loads and 
elongations within the gauge length, respectively, for interpretation of test results. Engineering 
stresses and strains are conveniently used in practice, which are, however, not significantly 
different from the corresponding true values at low strain levels typically encountered in buried 








                                      Table 3.1. Test Program. 
 
Test Number Type of Test Remarks 
1,2,3 Uniaxial tension test Tests were conducted at 10-2/s strain rate 
4,5,6 Uniaxial tension test Tests were conducted at 3×10-3/s strain rate 
7,8,9 Uniaxial tension test Tests were conducted at 10-3/s strain rate 
10,11,12 Uniaxial tension test Tests were conducted at 3×10-4/s strain rate 
13,14,15 Uniaxial tension test Tests were conducted at 10-4/s strain rate 
16,17 Uniaxial tension test Tests were conducted at 10-5/s strain rate 
18,19 Uniaxial tension test Tests were conducted at 5.5×10-6/s strain rate 
20,21 Uniaxial tension test Tests were conducted at 10-6/s strain rate 
22 Strain rate change Strain rate changed between 10-2/s and 10-3/s  
23 Loading-unloading-
reloading test 
Loading-unloading-reloading test was 
conducted at 10-3/s strain rate 
24,25 Relaxation test Tests were conducted to 0.014 strain 
 (initial strain rate: 10-3/s) 
26,27 Relaxation test Tests were conducted to 0.024 strain   
(initial strain rate: 10-2/s) 
28,29 Relaxation test Tests were conducted to 0.052 strain 
 (initial strain rate: 10-2/s) 
30,31 Creep test Tests were conducted to 2 MPa 
(initial strain rate: 10-4/s) 
32,33 Creep test Tests were conducted to 8.5 MPa  
(initial strain rate: 10-3/s) 
34,35 Creep test Tests were conducted to 10 MPa 
(initial strain rate: 10-2/s) 
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3.3 Test Results 
3.3.1 Constant Strain Rate Tests  
Uniaxial tension tests were performed at constant strain rates ranging from a very small 
value to 10-2 /s. The very low strain rates are selected to identify the lower bound value below 
which the stress–strain response is independent of the strain rate. The existence of such a lower 
bound strain rate (termed as 'reference strain rate") is assumed in the development of an isotach 
based viscoplastic model for HDPE pipe material (Siddiquee and Dhar 2015). However, this 
phenomenon has not been experimentally validated for MDPE pipe material. The test samples 
were loaded to strain beyond an "allowable strain limit" according to industry practice in Canada. 
An allowable strain limit of 8% has been adopted as an industry practice for MDPE pipes 
(Weerasekara and Rahman 2019).  The tests were conducted to a strain of around 13%. 
Fig. 3.4 shows the mean stress-strain responses for different strain rates from the constant 
strain rate tests. The stress-strain responses from multiple tests for each strain-rate (Table 3.1) were 
found consistent with each other (maximum variation of less than 10% from the corresponding 
mean values). The mean values presented in Fig. 3.4 are therefore used for comparison and 
validation of numerical models, discussed later. Fig. 3.4 shows that the stress-strain response of 
the MDPE material is extensively strain-rate dependent, similar to HDPE pipe material reported 
in Zhang and Moore (1997). At any particular strain, the stress is higher for the tests conducted at 
a higher rate of strain. The higher stress at the higher strain-rate is associated with the overstress 
component of the total stress for the viscous materials. According to the overstress theory (Perzyna 
1966), the total stress in the viscous material can be decomposed into an equilibrium stress, and 
an overstress. The equilibrium component is independent of the strain-rate (i.e., inviscid stress), 
while the overstress component is strain-rate dependent (i.e., viscous stress).  
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  Fig. 3.4. Rate dependent stress–strain responses from the constant strain-rate tests (mean values). 
The equilibrium stress-strain relation of materials corresponds to a test conducted at the 
infinitely slow strain rate. Siddiquee and Dhar (2015) defined a very slow strain rate for HDPE as 
the “reference strain rate” below which the strain-rate dependence of the stress-strain relation is 
practically insignificant. The overstresses are then calculated from the total stress-strain response 
by subtracting the stress-strain response at the reference strain rate. To examine the “reference 
strain rate” for MDPE, the measured stresses at a particular strain (i.e., 0.13) are plotted against 
the strain rates in Fig. 3.5.  It shows that the stress decreases with the decrease of strain-rate 
initially. The line is almost horizontal between strain rates of 5.5×10-6/s and 10-6/s, indicating an 
insignificant influence of strain-rate on the stress. Thus, the strain rate of 10-6/s can be taken as the 





















Strain rate: 10⁻² /s Strain rate: 3×10⁻³ /s
Strain rate: 10⁻³ /s Strain rate: 3×10⁻⁴ /s
Strain rate: 10⁻⁴ /s Full pipe test: 10⁻⁴ /s
Strain rate: 10⁻⁵ /s Strain rate: 5.5×10⁻⁶ /s









                          Fig. 3.5. Effect of strain rate on the stresses of MDPE. 
Fig. 3.4 shows high nonlinearity in the stress-strain responses for the MDPE pipe material. 
However, at very small strains (strain < 0.01), the responses are almost linear. Bilgin et al. (2007) 
also observed close-to linear stress-strain relations at lower strain levels (strains < 0.008) for an 
MDPE pipe material. They calculated the instantaneous modulus of elasticity (initial tangent 
modulus) of 958 MPa at room temperature (21C), which is within the reported values in the 
literature (Bilgin et al. 2007). Note that the strain rate effect was not accounted for in the initial 
moduli reported in the literature and in Bilgin et al. (2007). However, as seen in Fig. 3.4, the initial 
modulus significantly depends on the strain-rates. Initial tangent moduli calculated at various strain 
rates from the test results are presented in Table 3.2. The table includes the results of two additional 
preliminary tests conducted at strain rates of 3×10-3/s and 3×10-4/s prior to the execution of the test 
program. In Table 3.2, the initial modulus is found to range from 325 MPa to over 1000 MPa, 
depending on the rate of strain. According to the values shown in the table, the initial moduli 
reported in the literature (i.e., ~ 958 MPa, Bilgin et al. 2007) corresponds to the values at a strain 

























The stress-strain response obtained from the full pipe test is also included in Fig. 3.4. A 
strain rate of 10-4 /s was applied for the test with a full pipe segment. In this test, the stress is 
initially underestimated, which is due to the slipping of the grips. However, at a higher load, it 
matches the coupon test results conducted at a similar strain rate (10-4 /s). Thus, the influence of 
residual stress is insignificant for the pipe, and the coupon test results reasonably represent the 
mechanical behavior of the pipe material. 
In Test 22, a strain rate of 10-3/s was applied up to a strain of 0.065. At 0.065 strain, the 
rate was changed from 10-3/s to 10-2/s that continued until a strain of 0.11. Then, the strain rate 
was changed back to 10-3/s. The results are shown in Fig. 3.6, along with the stress–strain responses 
corresponding to the strain rates of 10-3/s and 10-2/s, respectively. As seen in the figure, for 
changing the strain rate from 10-3/s to 10-2/s, an increase of stress occurred. The stress–strain curve 
then matches with the stress–strain response corresponding to the strain rate of 10-2/s. Similarly, 
when the strain rate was changed back to 10-3 /s, the response follows the stress–strain response 
corresponding to 10-3/s strain rate with a sudden drop. This indicates that the stress–strain 











responses of the MDPE material depend predominantly on the strain-rate, which is not affected by 














               





















Strain rate: 10⁻² /s

























Fig. 3.7 shows the results of the loading-unloading-reloading test. The test was conducted 
at the same strain rate of 10-3/s during the load-unload-reload cycle. This figure reveals that the 
unloading and reloading do not affect the strain-rate dependent stress–strain response beyond the 
previous stress level. As a result, the stress–strain curve for reloading gradually approached the 
monotonic loading curve corresponding to the strain rate. 
3.3.2 Relaxation and Creep Tests 
Stress relaxation and creep tests were conducted to examine the viscous behavior of MDPE 
pipe material. To conduct a relaxation test, a specimen is tensioned at a constant strain rate to a 
predetermined strain. The strain is then held constant for the rest of the test. Fig. 3.8 shows the 
results of the stress relaxation tests conducted. Each test was performed twice to examine the 
repeatability. In Tests 24 and 25, an initial strain rate of 10-3/s was applied up to a strain of 0.016, 
and the strain was then held constant. In Tests 26 and 27, an initial strain rate of 10-2/s was applied 
up to a strain of 0.025. In Tests 28 and 29, an initial strain rate of 10-2/s was applied up to a strain 
of 0.053 when the strain was held constant. The average maximum stresses at the three sets of tests 
were 9.2 MPa, 12.8 MPa, and 17.8 MPa, respectively. As seen in Fig. 3.8, each pair of relaxation 
tests for a particular strain level are consistent with each other, confirming repeatability of the test 
results. The average responses are therefore used for further interpretations.  
Fig. 3.8 shows that the MDPE pipe material exhibits typical relaxation behavior with a 
high decrease of stress initially that stabilizes after a period of time. The relaxation behavior is 
expected to stop when the stress reaches the equilibrium (inviscid) stress-strain relation (i.e., 











      Fig. 3.8. Experimental results for relaxation tests (in-between lines represent the mean values). 






















Strain = 0.054, Tests 28&29
Strain = 0.016, Tests 24 &25




















Strain rate: 10⁻⁶ /s
Relaxation at 0.053 strain
Relaxation at 0.025 strain
Relaxation at 0.016 strain
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The stress–strain responses during the relaxation tests are compared with the reference 
stress-strain relation (at the strain rate of 10-6/s) in Fig. 3.9. It reveals that the stress reduces at 
constant strains during relaxation and finally stop at the minimum values corresponding to the 
reference (equilibrium) stress–strain relations.  This observation confirms the existence of the 








                         Fig. 3.10. Experimental results of creep tests (a, b, c are mean values). 
In the creep tests, the specimens were subjected to tension at constant rates and deformed 
to the predetermined load levels. The load is then kept constant for the rest of the test duration. 
Fig. 3.10 shows the results of the creep tests conducted. In Tests 30 and 31, an initial strain rate of 
10-4/s was applied up to 2 MPa of stress. In Tests 32 and 33, an initial strain rate of 10-3/s was 
applied up to 8.5 MPa of stress, and in Tests 34 and 35, an initial strain rate of 10-2/s was applied 
up to 10 MPa of stress.  The initial strains corresponding to the applied stress levels are 0.021, 





























Fig. 3.10 shows that only primary creep and secondary creep are there over the test durations. At 
the primary creep stage, the increase of creep strain is relatively high with time, while at the 
secondary creep stage, the creep strain rate is almost constant. No tertiary creep was observed 
within the test duration, even for the highest stress level considered.  
3.4 Modeling Time-Dependent Behavior 
               Different constitutive models were developed in the past to capture the time-dependent 
behavior of HDPE materials (Chua and Lytton 1989; Zhang and Moore 1997; Chehab and Moore 
2006; Suleiman and Coree 2004; Siddiquee and Dhar 2015). However, models for MDPE pipe 
material are very limited. A constitutive model adaptable to the framework of a widely used finite 
element (FE) model is required for the assessment of the performance of the pipe structure using 
FE analysis. A framework for modeling the time-dependent behavior of MDPE pipe material is 
developed here using the features available in a commercially available FE software, Abaqus 
(Dassault systemes 2015).     
In Abaqus, two features are available for modeling the viscous behavior of material such 
as: Prony series and Creep law. Both features are employed here to simulate the experimental 
results. 
3.4.1 Prony Series  
The Prony series is a simplistic form of modeling the viscous effect of viscoelastic material 
(Powel 1983).  This model is based on the linear viscoelastic theory, where the elastic and viscous 
components are modeled as combinations of springs and dashpots. Here, the spring is considered 
as the linear-elastic component and is represented using following stress ()–strain () relation: 
                                                      𝜎 = 𝐸   (3.1) 
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where E is the elastic modulus (spring constant).  
The dashpot is considered as the viscous component. Its stress is dependent on the strain 
rate and is given as: 
                                                     𝜎 = 
𝛿
𝛿𝑡
  (3.2) 
where,  is the viscosity constant. Linear viscoelastic constitutive models are constructed 
by the superposition of these components. As the response of the dashpot is time-dependent, the 
behavior of a viscoelastic material that is modeled by parallel and/or series combination of springs 
and dashpots is also time-dependent.  
The most general form of the linear model for viscoelasticity is known as the Generalized 
Maxwell model. This model is consisted of 'n' spring-dashpot Maxwell elements arranged in series. 
The Prony series is basically based on the generalized Maxwell model with the addition of a 
parallel spring element (Fig. 1). Prony series expansion for relaxation modulus (G) of material can 
be expressed as (Dassault systemes, 2013): 
                          𝐺(𝑡) = 𝐺0 {1 − ∑ 𝑔𝑖  (1 − 𝑒
−𝑡/𝜏𝑖)𝑁𝑖=1 }  (3.3) 
Where, G(t) is the modulus of at time t, 
 𝐺0 is the instantaneous modulus (corresponding to the parallel spring element),  
  gi is the normalized modulus (Gi/G0) of 𝑖’th Maxwell element, and  




In Abaqus, several Maxwell elements are used in parallel to a spring element in order to 
simulate available data. The parameters of the Prony series model in Abaqus, can be defined using 
one of the three options: (i) direct specification of Prony series parameters, (ii) inclusion of 
relaxation test data, and (iii) inclusion of creep test data. Prony series parameters, including the 
number of Maxwell elements, are automatically calculated using the relaxation or creep data in 
options (ii) and (iii). Relaxation data is provided as normalized relaxation modulus (gt), and creep 
data is provided as normalized compliance (Ct), which are calculated by dividing the 
corresponding data by its initial value. Since the strain is constant, the normalized values of the 
relaxation modulus (the ratio of the out stress to the input constant strain) is the same as the ratio 
of stress, (t) to the initial stress. Similarly, the normalized value of compliance (the ratio of output 
strain to the input constant stress) can be obtained through dividing the strain, (t) by its initial 
value.  In the current study, both the creep test data and relaxation test data obtained from the 
laboratory tests are used. The normalized relaxation moduli calculated for each of the three 






   

















The average values from these three curves were implemented in Abaqus to calculate the 
Prony series parameters. Table 3.3 shows the Prony series parameter obtained using the relaxation 
test data. Normalized modulus and retardation time for four Maxwell elements are obtained from 
Abaqus (Table 3.3).  




Similarly, the average normalized compliance calculated from creep test results was used 
in Abaqus to calculate the Prony series parameter. Fig. 3.12 shows the normalized compliance 






                
 
                           Fig. 3.12. Variation of normalized compliance, Ct with time from creep tests. 
  𝑖 𝑔𝑖 𝜏𝑖 
1 0.0796 0.14397 






















Table 3.4 shows the Prony series parameters obtained using the data. Parameters for two 
Maxwell elements are obtained, as presented in the table. Thus, Prony series parameters from 
relaxation test data (Table 3.3) are different from those from creep test data (Table 3.4). The effects 
of these different sets of parameters on the modelling of the time-dependent behavior are examined 
through simulation of the test results, as discussed later in the paper. 
               Table 3.4. Prony series parameters obtained from creep tests. 
 
 
3.4.2 Creep Law 
Creep law is another feature available in Abaqus for modeling the viscous behavior of 
viscoelastic material. The main advantage of this model over the Prony series is that this model 
can consider both the plasticity and viscous behavior simultaneously. In Abaqus, creep behavior 
can be defined using user subroutine 'creep' or providing some creep laws parameter as input. Two 
common creep laws are available: the power law and the hyperbolic-sine law. Among them, the 
power-law creep model is the simplest. However, the power-law model is not applicable for 
simulation near crack tips where creep strain rates frequently show an exponential dependence on 
the stress. The power-law creep model is considered in the current study. 
There are two versions available for the power-law model, such as Time-hardening version 
and Strain-hardening version. Time hardening version is applicable when the stress state remains 
essentially constant, and the later one is applicable when the stress state varies during analysis. In 
this study, a time-hardening version of the power law creep model has been used to simulate creep 
𝑖 𝑔𝑖  𝜏𝑖 
1 0.27382 34.754 
2 0.28876 634.90 
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where the stress state is constant. The equation of the time hardening form of the model is given 
below (Eq. 3.4): 
                                                   ?̇? = 𝐴?̃?
𝑛𝑡𝑚  (3.4) 
where, 
     ?̇? = Creep strain rate, 
   ?̃? = Deviatoric stress, 
    t = Total time, 
     A, n, m are the power-law constants. Eq. (3.4) is the rate formulation of Norton-Bailey 
creep law, which is applicable in primary and secondary creep regimes (May et al., 2013).  The 
constants of the equation can be determined from curve fitting with the creep and relaxation test 
data. Table 3.5 shows the parameters obtained through the fitting with creep test data.  
                        Table 3.5. Creep law parameters for creep tests. 
 
Since viscoelasticity and viscoplasticity in polymer generally occur during the deviatoric 
deformations (Pulungan et al. 2018; Siddiquee and Dhar 2015), the deviatoric component is 
considered for the determination of parameters. The number of Prony series terms required to 
match with the test data is automatically obtained from Abaqus. As seen in Table 3.5, 'A' and 'm' 
Maximum stress 
(MPa) 
 A n m 
2  3 × 10−11 1.825 -0.7 
8.5  3 × 10−11 1.87 -0.7 
10  3 × 10−11 1.89 -0.7 
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are the same for each stress level, while 'n' increases with the increment of stress level. The 






                                    
                                Fig. 3.13. Creep law parameter ‘n’ from creep test data. 
Similarly, parameters obtained for relaxation tests are shown in Table 3.6 where 'A' and 
'm' are constant. However, 'n' decreases with the increase of strain levels. The variation of 'n' with 
maximum applied strain is plotted in Fig. 3.14. The change of 'n' with an increase in stress or strain 
is almost linear for the ranges of stresses and strain observed. 





A n m 
0.014 3 × 10−11 1.915 -0.92 
0.024 3 × 10−11 1.875 -0.92 

















                            Fig. 3.14. Creep law parameter ‘n’ from relaxation test data. 
3.5 Proposed Modeling Framework 
Different approaches were employed in modeling the time-dependent behavior of polymer 
materials including the empirical models developed through the fitting with experimental data 
(Suleiman and Coree 2004), rheological models using springs and dashpots (Chehab and Moore 
2006, Bilgin 2014) and the overstress theory (Colak and Dusunceli 2006, Siddiquee and Dhar 
2015). The models are sometimes too complex for implementation in FE analysis using available 
software. Among these, the empirical models are relatively simple and can provide practical 
solutions with only a few fitting parameters. The empirical models are proposed here that can be 
implemented using the features available in Abaqus. 
The tests conducted in this study reveals that the stress–strain behavior of the MDPE pipe 
material is highly nonlinear and strain-rate dependent. To account for the nonlinear strain-rate 













1. Nonlinear strain-rate dependent stress–strain relations are developed from 
experimental data and are provided as input to the FE model. The appropriate 
constitutive model from the input relations is then used in the analysis based on 
instantaneous strain rates calculated at a time step (discussed later in more detail). 
2. The creep law (Eq. 3.4), which is available in Abaqus, is used to simulate the relaxation 
and creep. In Abaqus, creep strain rate calculated using Eq. (3.4) is used to calculate 
the strain increment () for any time increment (t). This incremental strain is added 
to the total strain obtained from the previous time step for simulation of creep (when 
the stress is constant). Since the total strain is constant during relaxation, the elastic 
component of strain is reduced by  (the creep strain increment). The stress calculated 
from the elastic strain is thus reduced. 
The proposed modeling approach is implemented in Abaqus using its USDFLD feature. 
3.6 Nonlinear Strain-Rate Dependent Stress–Strain Relations  
The hyperbolic model is one of the simplest approaches to model nonlinearity. Kondner 
(1963) and Duncan and Chang (1970) introduced a simplified hyperbolic model to characterize 
the time-dependent nonlinear response of the soil. The general equation of the hyperbolic model 
is given as (Eq. 3.5): 
                                                𝜎 =
𝑚+𝑛
                                                            (3.5) 
Here, 'm' and 'n' are the constants to be estimated through nonlinear regression analysis 
with test results. 
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Considering the strain rate dependent behavior of polymer materials, Suleiman and Coree 
(2004) proposed a modification to the hyperbolic model for HDPE pipe material as: 
                                         𝜎 = 𝐸𝑖𝑛𝑖 (1+ƞ
)                                                 (3.6) 
Where 𝐸𝑖𝑛𝑖 is the initial modulus and ƞ is a hyperbolic constant. The parameters are strain-
rate dependent and can be obtained using the following equations (Suleiman and Coree 2004), 
                                         𝐸𝑖𝑛𝑖 = 𝑎( ̇)
𝑏                                                     (3.7) 
                                        ƞ =
𝑎( ̇ )𝑏
𝑐+𝑑𝑙𝑛( ̇ )
                                                        (3.8) 
Where ̇ is the strain rate, and a, b, c, d are constants that can be determined by fitting with 
the stress–strain responses obtained from uniaxial tension or compression tests. 
As stated earlier, MDPE pipe material exhibits highly nonlinear and strain-rate dependent 
material behavior. The model proposed in Suleiman and Coree (2004) is therefore employed here 
to represent the nonlinear stress–strain relations. Parameters for the models are determined based 
on the strain-rate dependent stress–strain relations obtained from the uniaxial tensile tests 
discussed earlier. The parameters calculated from the curve fitting are shown in Table 3.7. Fig. 
3.15 compares the test results with the stress–strain relations obtained from the hyperbolic model 
with the parameters in Table 3.7. This reveals that the developed hyperbolic model reasonably 
predicts the experimental stress–strain relations. The stress–strain response corresponding to the 
reference strain rate is independent of strain rate. Therefore, Eq. (3.6) with strain-rate independent 
initial modulus and hyperbolic constant (corresponding to the test data for strain-rate of 10-6/s) is 
used to model the stress–strain response at and below the reference strain rate (10-6/s). 
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                       Table 3.7. Parameters for hyperbolic model. 
 
 
                       
 
 
                                    Fig. 3.15. Comparison of mean test results with hyperbolic model. 
 
 

























Lab test, strain rate: 10⁻² /s
Constitutive model, strain rate: 10⁻² /s
Lab test, strain rate: 10⁻³ /s
Constitutive model, strain rate: 10⁻³ /s
Lab test, strain rate: 10⁻⁴ /s
Constitutive model, strain rate: 10⁻⁴ /s
Lab test, strain rate: 10⁻⁵ /s
Constitutive model, strain rate: 10⁻⁵ /s
56 
 
3.7 Implementation in Abaqus 
In Abaqus, the elastic modulus, E (initial slope of the stress-strain curve), and nonlinear 
part of the stress-strain relation can be provided as separate inputs. The nonlinear part is obtained 
from the total stress-strain relation (e.g., Eq. 3.6) through subtracting the linear component of the 
strain calculated as /E.  Each of the inputs can also be defined against field variables. In the 
current study, the strain-rate is employed as the variable so that the appropriate stress-strain 
relation can be used based on the magnitude of the strain-rate. The strain-rate is calculated and 
communicated with the main part of the analysis in Abaqus using the user subroutine, USDFLD 
(after Muntakim et al. 2018). The USDFLD allows defining field variables at a material point as a 
function of time or solution dependent parameters. It provides access to material point quantities 
at the start of a time-step increment and gives an explicit solution. In this process, the material 
properties are not influenced by the results obtained during the increment. Thus, the accuracy of 
the solution depends on the size of the time increment used, which can be controlled by the variable 
PNEWDT (Dassault Systemes 2015). At the start of the increment, a utility routine, GETVRM, is 
used to access the material point. By calling GETVRM with the appropriate output variable keys, 
the values of the material point quantities are obtained. The variables ARRAY, JARRAY, 
FLGRAY are used to recover the values of material point data (the floating-point, integer, and 
character data). At each increment, the field variables are restored to the values interpolated from 
the nodal values and introduced with user-defined state variables, STATEV, which can be re-called 
using variable key 'SDV' in the utility routine, GETVRM. 
In this study, GETVRM is used to access all the strain components. The user-defined state 
variables are assigned to store current strain component, time increment, and the calculated strain 
rate for using in subsequent time steps. The strain rate is calculated based on the current strain 
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(accessed by the GETVRM), the previous strain (stored in user-defined variables), and time 
increment (accessed by USDFLD). 
The variable, FIELD, which is an array containing field variables at the current material 
point, is used to assign the strain rate. Based on the information of the FIELD variables given in 
the input file, Abaqus calculate the material parameters from the given strain-rate dependent 
stress–strain models.  
Along with USDFLD discussed above, the creep law features are included to account for 
the creep and relaxation effect. The creep law parameters obtained from creep tests are given in 
Abaqus input file.  
3.7.1Validation of the Modeling Approach 
Finite element analysis was performed to simulate the test results using the proposed 
method for validation. As discussed earlier, tension tests were conducted using coupon specimens 
of 13 mm width (width of the narrow section) and 50 mm gauge length. The tests were performed 
with the application of constant strain rates ranging from 10-6 /s to 10-2 /s. These strain-rate 
dependent stress–strain relations were simulated using FE modeling using Abaqus. Fig. 3.16 
shows the FE mesh used in the analysis. The same size of the specimen was modeled. Smooth 
rigid boundaries were used at the bottom and the left side. The horizontal and vertical translations 
were restrained at the corner node to ensure stability. At the top of the mesh, a uniform deformation 

















                                                  Fig. 3.16. FE model. 
3.7.2 Simulation of Uniaxial Tension Tests 
The results of FE simulation of the uniaxial tension tests are compared with test results in 
Fig. 17. The stress–strain relations obtained using the proposed method are compared in Fig. 
3.17(a). A reasonable agreement between the simulated and experimental results is seen in the 
figure. Thus, the method employed is capable of predicting the rate-dependent stress–strain 
behavior of the MDPE material. Fig. 3.17(b) compares the test result with the results of the 
simulation using the conventional Prony series. It appears that the conventional Prony series is 
only applicable at very low strain (less than 1%) where the stress-strain response is linear. During 
the Prony series simulation, instantaneous elastic modulus and mean normalized relaxation 





account for the nonlinearity of material, the nonlinear stress–strain relations observed at higher 
strain cannot be successfully simulated. 




















Lab test, strain rate: 10⁻² /s
Simulation, strain rate: 10⁻² /s
Lab test, strain rate: 10⁻³ /s
Simulation, strain rate: 10⁻³ /s
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A strain rate change test performed during the experimental tests is also successfully 
simulated by the proposed method of analysis. During the experiment, the strain rate was changed 
from 10-3 /s to 10-2 /s at an axial strain of 0.065 (mm/mm) and then back to 10-3 /s at an axial strain 
of 0.11 (mm/mm). Fig. 3.18 shows the comparison of simulated and experimental results of this 
test. It shows that the proposed technique has reasonably predicted the experimental behavior 
during the change in strain rate. There are some numerical noises in the results of simulation during 
the changes of strain rates. To minimize the noise, a control was applied to the strain increment 
using the USDFLD. The maximum strain increment of less than 15% was found to reduce the 
noise to a reasonable level. 
                                       Fig. 3.18. Simulation of strain-rate-change test. 
The proposed method also predicted reasonably the loading-unloading-reloading response 
observed in the tests. Fig. 3.19 compares the results of FE simulation and experimental results. 

























simulation. However, the hysteresis loop during unloading-reloading cycle is not successfully 
simulated. 
                                Fig. 3.19. Simulation of loading-unloading-reloading test. 
3.7.3 Simulation of Creep and Relaxation Tests 
During the creep and relaxation tests, the specimen is first loaded with certain strain rates 
to the desired level of stress and strain, respectively. This loading path can be simulated using the 
proposed strain-rate dependent stress–strain model. The creep and the relaxation processes can 
then be simulated using the proposed creep law model. The Prony series can also be used to 
simulate the creep and relaxation behavior. In this case, secant modulus can be used to reach the 
desired level of stress and strain as the nonlinear loading path cannot be simulated using the 
conventional Prony series model. The creep and relaxation behaviors are simulated using the 
proposed modeling approach and using conventional Prony series. The simulation results of creep 

























reasonably predict the creep behavior observed during the tests (Fig. 3.20a). The Prony series with 
parameters obtained from both creep tests and relaxation tests were employed.  






















































FE with Prony series (relaxation test parameter)





Fig. 3.20(b) shows that both creep test-based parameters and relaxation test-based 
parameters can calculate the creep behavior to some extent. The creep test-based parameters 
provided a better prediction of the creep behavior, as expected. The discrepancies of the simulation 
from the tests results are observed in Fig. 3.20(b), which is attributed to the nonlinearity of the 
material behavior that could not be captured using the Prony series.  However, the proposed 
modeling approach can be used to account for the nonlinearity. Similar results are obtained from 
the comparison for the relaxation test results (Fig. 3.21). The proposed modeling approach 
reasonably simulates the relaxation behavior (Fig. 3.21a), while the Prony series model 
overpredicts the stresses when creep-based parameters are used. However, the Prony series method 
reasonably simulated the relaxation test results (Fig. 3.21b) with parameters based on relaxation 
test data. The Prony series approach is applicable to simulate linear viscoelastic responses and, 
therefore, not suitable for large strain when the stress–strain responses are nonlinear. The proposed 
modeling technique can be applied to simulate the nonlinear viscous response of the MDPE pipe 
































































FE with Prony series (relaxation test parameter)







The time-dependent nonlinear behavior of an MDPE material is systematically investigated 
using laboratory tests and numerical methods. The major findings from this research are as follows: 
1) The stress–strain responses of MDPE pipe material are highly nonlinear and strain-rate 
dependent. However, these can be approximated as linear at a very small strain. 
2) The stress–strain response can be approximated to be independent of strain rate at the strain 
rate at or below 10-6/s. This strain rate of 10-6/s can be termed as 'reference strain rate' for 
isotach based modeling. 
3) Initial values of the modulus of elasticity are strain-rate dependent. For a strain of 10-6/s   to 
10-2/s, the initial modulus ranged from 325 MPa to 1,054 MPa. 
4) A hyperbolic constitutive model has been developed for MDPE pipe material at various strain 
rates that can simulate the nonlinear rate-dependent stress–strain behavior. This model is 
applicable at and above “Reference strain rate” 
5) A new modeling technique is proposed for FE modeling of nonlinear strain-rate dependent 
material behavior of MDPE pipe material using Abaqus. The modeling approach can 
successfully simulate the strain rate dependent stress–strain response observed in laboratory 
tests. It also reasonably simulates the loading-unloading-reloading response and a change in 
the strain rate. 
6) The Prony series approach is only applicable for a linear viscoelastic material. To account for 
the nonlinear responses, the creep law model is implemented in the proposed framework. The 
proposed creep law model simulates the observed creep and relaxation behavior successfully.  
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7) The creep law model involves three parameters (A, n, m). The magnitude of 'A' and 'm' are 
found to be independent of applied stress and strain levels, while parameter 'n' was found to 
increase with the increase of stress levels in creep tests and decrease with the increase of strain 
levels in relaxation tests. The temperature effect has not been considered in this study.                   
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4.1 Introduction  
Pipelines are the most efficient and common means of transporting natural gas, water, 
sewage, and other products from one location to another. Cast iron, ductile iron, steel, and 
polymers are the typical types of pipe materials used for liquid and gas transportation and 
distribution systems. The polyethylene/polymer pipe has become popular over the last few decades 
due to its various advantages, including low cost, lightweights, ease of installation, and corrosion 
resistance. Water supply, cold water distribution, sewer, gas distribution, and irrigation are the 
major areas of application of the polymer pipes. The use of medium density polyethylene (MDPE) 
pipe is rapidly increasing in recent years for various applications. 
A major challenge in predicting the behavior of polymer pipe is its time-dependent material 
behavior. To account for the time-dependent behavior, the short-term and long-term values of the 
modulus of elasticity of pipe material is commonly employed for calculating the short-term and 
long-term responses, respectively (AASHTO 2010). Different approaches were proposed to 
express the modulus of elasticity for high-density polyethylene (HDPE) as a power-law function 
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with time. Chua (1986) expressed the time-dependent relaxation modulus for HDPE pipes material 
as below (Eq. 4.1)., 
                                        E(t) = 52.6 + 460 t0.97786                                                                     (4.1)  
Hashash (1991) conducted tests on corrugated HDPE pipe material and proposed the following 
time-dependent modulus (Eq. 4.2). 
                                                      E(t) = 329 t0.0859 (4.2) 
However, the time-dependent modulus of elasticity does not account for the strain-rate 
dependent behavior of the pipe material. Moore (1994) developed a linear viscoelastic model using 
nine-kelvin elements in series for describing the viscous effect of an HDPE pipe material. This 
model was found to successfully simulate the stress–strain behavior of HDPE at lower strain levels 
(less than 1%) (Moore 1994). A nonlinear viscoelastic and viscoplastic modeling approach was 
then employed to reasonably simulate the stress–strain behavior under various loading conditions 
(Zhang and Moore,1997; Chehab and Moore, 2006). Siddiquee and Dhar (2015) developed a 
strain-rate dependent nonlinear three-component elastic viscoplastic model for an HDPE pipe 
material. However, very limited information is currently available in the literature on the time-
dependent behavior of MDPE pipe material. Das et al. (2019) and Das and Dhar (2020) conducted 
a comprehensive laboratory study to characterize the time-dependent behavior of MDPE pipe 
material commonly used in the gas distribution system. Based on the test results, Das and Dhar 
(2020) developed constitutive models adaptable to the framework of a widely used finite element 
(FE) model, Abaqus (Dassault System 15). The modeling framework for the MDPE pipe materials 
is employed in the current study to investigate the time-dependent behavior of buried MDPE pipes 
using FE analysis using Abaqus. Two examples of buried pipe problems are considered for the 
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investigation. The first problem is a conventional buried pipe subjected to ground and surface load. 
The time-dependent deflection of a buried pipe is examined. The second problem is a pipeline 
subjected to rate-dependent lateral ground movement. Pipelines are sometimes subjected to lateral 
ground movements at different rates due to landslide or fault movements due to earthquakes. The 
stresses develop in the pipe due to the ground movements at different rate are examined. Finally, 
a practical method of accounting for the time-dependent behavior of MDPE for the pipe-soil 
interaction problem is developed. 
4.2 Time-Dependent Model 
Das and Dhar (2020) conducted a detailed laboratory investigation to characterize the time-
dependent behavior of MDPE pipe material. It was revealed that the stress–strain response of 
MDPE is nonlinear and strain-rate dependent. To account for the nonlinear strain rate dependent 
behavior, a hyperbolic model proposed in Suleiman and Coree (2004) was employed (Eq. 4.3): 
                                         𝜎 = 𝐸𝑖𝑛𝑖 (1+ƞ
)                                                 (4.3) 
where 𝐸𝑖𝑛𝑖 is the initial modulus and ƞ is a hyperbolic constant. The parameters are strain-
rate dependent and can be obtained using the following equations (Suleiman and Coree 2004), 
                                         𝐸𝑖𝑛𝑖 = 𝑎( ̇)
𝑏                                                     (4.4) 
                                        ƞ =
𝑎( ̇ )𝑏
𝑐+𝑑𝑙𝑛( ̇ )
                                                        (4.5) 
Where ̇ is the strain rate, and a, b, c, d are constants that can be determined by fitting with 
the stress-strain responses obtained from uniaxial tension or compression tests. Parameters for the 
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models are determined based on the strain-rate dependent stress-strain relations derived from the 
uniaxial tensile tests, shown in Table 4.1. 




Das and Dhar (2020) also developed a framework for simulating the MDPE pipe material’s 
creep and relaxation behavior using the features available in a commercially available FE software, 
Abaqus (Dassault systems 2015).  In Abaqus, two features are available for modeling the viscous 
behavior of material such as the Prony series and ‘creep law.’ The Prony series is based on the 
linear viscoelastic theory, where the elastic and viscous components are modeled as combinations 
of springs and dashpots. Since the nonlinear behavior was observed for the MDPE pipe material 
during laboratory tests, the use of the ‘creep law’ was proposed. The equation of the time hardening 
form of the creep law is given in Eq. (4.6): 
                                                   ?̇? = 𝐴?̃?
𝑛𝑡𝑚  (4.6) 
Where, 
     ?̇? = Creep strain rate, 
   ?̃? = Deviatoric stress (major principal stress – minor principal stress), 
    t = Total time, 







     A, n, m are the power-law constants determined from curve fitting with the creep and 
relaxation test data (Das and Dhar 2020).  The strain-rate dependent nonlinear stress-strain model 
and the creep law are employed in the current study for rigorous time-dependent modeling of the 
behavior of buried MDPE pipes.  Since viscoelasticity and viscoplasticity in polymer generally 
occur during the deviatoric deformations (Pulungan et al. 2018; Siddiquee and Dhar 2015), the 
von Mises equivalent strains and strain rates are employed for the rate-dependent modulus of 
elasticity and the creep law.  
4.3 Deflections of Buried Pipes 
In the design of flexible polyethylene pipes, the major consideration is to limit the 
deflection of the pipes under overburden and live loads. Excessive deflections of the pipes may 
affect the integrity of the joints and cause excessive ground settlements. A semiempirical equation, 
known as the “Iowa Equation” (Spangler 1941), has been widely used to calculate the deflection 
for flexible steel pipes. The Iowa equation was developed considering bending deflection (pipe 
cross-section ovalization) only. McGrath (1998) demonstrated for flexible polymer pipes that 
circumferential shortening also contributes to the deflection of the pipe and proposed a simplified 
equation for pipe deflection accounting for the circumferential shortening and flexural bending, as 
shown in Eq. (4.7), (Dhar et al., 2002).  













                                            (4.7) 
Where, 
  ∆𝑣 = Decrease in vertical pipe diameter (mm, in.) 
 𝐷 = Pipe diameter (mm, in.) 






 𝑆ℎ = 
 𝑞𝑣= Overburden pressure at the springline (MPa) 
 𝐸 = Pipe material modulus (MPa) 
 𝐴 = Effective area of pipe wall per unit length of pipe (mm2/mm) 
 𝑅 = Radius of the centroid of the pipe section (mm) 
 𝑀𝑠= One-dimensional soil modulus (MPa) 
 𝐷𝑙 = Deflection leg factor 
 𝐾𝑏 = Bedding coefficient 
The first term in Eq. (4.7) represents the average circumferential shortening. The second 
term represents the bending deflection, which depends on the hoop stiffness and flexural stiffness, 
respectively, of the pipe wall.  
For the polymer pipes with time-dependent material property, Eq. (4.7) is used to calculate 
and short-term and long-term (50 years) deflection using the short-term and long-term values of 
the moduli of elasticity (secant moduli), AASHTO (2010). One of the major limitations in applying 
this approach for calculating long-term deflection is the unavailability of long-term data for 
estimating the long-term modulus or the pipe’s behavior. Secondly, since a constant modulus of 
elasticity is used, the strain-rate dependent effects on the pipe responses cannot be calculated using 
this method. Suitability of using the method of secant modulus and the strain-rate independent 
responses of MDPE pipes are examined in this study through a rigorous soil-pipe interaction 
analysis using the time-dependent constitutive model developed in Das and Dhar (2020).  
A 320 mm diameter (internal) pipe with a wall thickness of 15 mm buried at a depth of 1.2 m is 
investigated. A uniform pressure of 200 kPa is applied on the ground surface to simulate the earth 
and live load. The 200 kPa of earth pressure corresponds to a load from approximately a 10 m high 






embankment. A relatively high overburden pressure is chosen to cause high deflections of the pipe 
for convenience in comparison. 
4.3.1 Finite Element Model                                                      
A Finite element model is developed to represent a deeply buried pipe. Two-dimensional 
plane strain analysis is performed. The geometry of the model is chosen to avoid the influence of 
the boundaries on the pipe responses, based on previous studies (Dhar and Moore 2000 and Dhar 









           Fig. 4.1. FE model of buried pipe.  
Four nodded plane strain elements (Abaqus element type CPE4R) are used for both the 
pipe and the surrounding backfill soil. The nodal points along the vertical boundaries are only 
restrained in the horizontal direction to allow vertical movement. The nodal points along the 






Since the focus of the current study is to examine the effect of the time-dependent behavior 
of pipe material, a simple linear elastic perfectly plastic model for the soil is used. The soil 
parameters are selected as the typical values for medium to dense sand. The modulus of elasticity 
and the Poisson’s ratio of the soil is chosen as 35 MPa and of 0.25, respectively. 
For MDPE pipe material, the time-dependent material model developed in Das and Dhar 
(2020) is used.  Poisson’s ratio of the MDPE is assumed to be 0.46. Nonlinear strain-rate dependent 
stress-strain relations (Eq. 4.3) are used to calculate the pipe deflection during loading. For the 
time-dependent material, creep and relaxation occur at constant stress and strain, respectively. As 
a result, the pipe’s deflection can change with time after application of the load. The pipe deflection 
during creep/relaxation is calculated using the “creep law” (Eq. 4.6). Das and Dhar (2020) used 
creep tests and relaxation tests to determine the parameters for the “creep law” model. Since the 
creep behavior would govern rather than the relaxation for the buried pipe, parameters obtained 
from the creep tests are considered. Table 4.2 shows the parameters obtained through the fitting 
with creep test data (Das and Dhar, 2020). It shows that ‘A’ and ‘m’ are the same for each stress 
level, while ‘n’ increases with the increment of stress level. Using the magnitudes in Table 4.2, a 
value corresponding to the maximum stress level experienced by the pipe is obtained for ‘n’ (i.e., 
n = 1.82) through interpolation.  




 A n m 
2  3 × 10−11 1.825 -0.7 
8.5  3 × 10−11 1.87 -0.7 
10  3 × 10−11 1.89 -0.7 
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As the conventional practice of pipe deflection assessment uses a linear time-dependent 
modulus (short-term and long-term moduli), a linear FE analysis is also performed for comparison 
with the results from the rigorous analysis discussed above. The elastic moduli for linear elastic 
analysis are obtained at the secant value corresponding to the time, discussed later in the paper. 
4.3.2 Time-Dependent Responses 
To calculate the responses of the pipe under the surface load of 200 kPa, the load is first 
applied at various rates. Then, the analyses are continued under the constant load to calculate the 
time-dependent responses. Note that even though the applied load is constant with time, the pipe 
stresses can change due to the time-dependent behavior of the material. Thus, pipe behavior can 
be governed by the combined effect of creep and relaxation. To account for the effects, a creep 
law is used where the parameters for the models are selected based on creep or relaxation test data 
as discussed above in chapter 3.   
Fig. 4.2 shows the calculated deflections with time during the increase of load (short-term 
response) and during creep and relaxation (time-dependent response). The analysis was stopped at 
around 30,000 sec to limit the computational time. Fig. 4.2 shows that the deflections are loading 
rate dependent.  The vertical deflection increases (Fig. 4.2a), and the horizontal deflection 
decreases (Fig. 4.2b) with the decrease of the loading rate. Beyond the loading step (short-term 
responses), the vertical deflections continue to increase while the horizontal deflections decrease 
with time (long-term responses). Note that the magnitudes of the long-term deflection are higher 
when the short-term deflections are higher. The constant short-term and long-term moduli of 
elasticity (recommended in the design codes) cannot be used to calculate these deflections.  In Fig. 
4.2(a), the ‘time’ is presented in logarithmic scale to show the rate of increase of vertical 
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deflections with time since the calculated increase of deflection is small (and not well visible in 
























Fig. 4.2. Time-dependent deflections of buried MDPE pipe: (a) Vertical deflection; (b) Horizontal 
deflection. 
The von Mises stresses in the pipe wall at the crown, and the springline are investigated to 
examine the stress relaxation due to the time-dependent effects. Fig. 4.3 plots the calculated von 
Mises stresses with time. It reveals that even though the vertical deflections are higher and 
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the springline decrease with the decrease of loading rate.  The stresses are reduced further with 
time under the constant applied pressure, indicating stress relaxation behavior. Thus, the long-term 
performance of the pipes appears favorable in terms of pipe wall stresses (and hence strain). Long-
term deflection is the major concern for the performance of the pipe. The time-dependent 
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The present study presents a rigorous time-dependent soil-pipe interaction analysis to 
calculate the responses of buried pipe, including deflections. However, the rigorous FE analysis is 
often prohibitive for engineering design.  A simplified analysis using a constant time-dependent 
modulus of elasticity is examined below to calculate time-dependent deflections.   
4.3.3 Short-Term Deflections 
Current design code (i.e., AASHTO 2010) recommends using a short-term modulus to 
estimate the short-term deflection (immediately after application of the loads). However, as 
discussed above (Fig. 4.2), the short-term deflection significantly depends on the rate of loading. 
The suitability of using a rate-dependent modulus in calculating the rate-dependent deflections is 
examined here. The rate-dependent initial modulus is estimated using Eq. (4) based on the strain 
rates calculated from the FE analysis. Although the strain-rate dependent stress–strain response is 
nonlinear, a linear stress-strain relation (i.e., a constant modulus of elasticity) can be assumed at 
low strain levels (< 0.01) for MDPE (Das and Dhar 2020, Bilgin et al. 2007).  In the current study, 
the maximum strain in the pipe is calculated to be less than 0.0045. Therefore, a constant strain-
rate dependent modulus of elasticity (initial tangent modulus) can be used. Using the constant 
modulus, the deflections of the pipe are calculated using a linear FE analysis. The calculated 
deflections are compared with those obtained using the time-dependent analysis (discussed above) 
in Table 4.3. It reveals that both horizontal and vertical deflections calculated using the strain-rate 
dependent constant modulus matches well (within around 2%) with those calculated using the 
rigorous time-dependent analysis. Thus, the rate-dependent constant modulus can reasonably be 
used to calculate the short-term deflections if the strain rate within the pipe can reasonably be 
estimated.  For the MDPE material, the following equation is proposed to calculate the strain-rate 
dependent short-term modulus. 
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                                    𝐸0 = 2000( ̇)
0.137                                                  (4.8) 
where, E0 is the short-term modulus in MPa and ̇ is the strain-rate per second. 









dependent analysis, mm 
Deflection using constant 
initial modulus, mm 
Vertical Horizontal Vertical Horizontal 
476 kPa/s 0.01 /s 1064 3.57 1.69 3.62 1.70 
36 kPa/s 0.0016 /s 828 3.68 1.55 3.70 1.58 
2.89 kPa/s 0.00012 /s 580 3.80 1.38 3.84 1.40 
0.2 kPa/s 0.000008/s 400 3.96 1.18 4.02 1.19 
0.02 kPa/s 0.000001/s 325 4.09 1.03 4.12 1.06 
 
4.3.4 Time-Dependent Deflections 
For the time-dependent deflections, the use of a time-dependent constant modulus is 
examined against the results from the rigorous time-dependent analysis. The time-dependent 
deflections under the constant applied pressure are governed by the creep and relaxation behavior 
of the material. As reported in Das and Dhar (2020), the creep behavior and relaxation behavior of 
the MDPE material significantly depends on the stress levels and deformation levels. Thus, the 
stress-specific creep or strain-specific relaxation parameters would be required to simulate the 
time-dependent deflection. Since the calculated stresses and strains are less (as discussed above), 
the test data corresponding to the lowest stress and the lowest strain is used to estimate the modulus 
of elasticity of the material for calculating time-dependent deflections.  
With the creep data, the applied stress is divided by the time-dependent strains, and with 
the stress relaxation data, the time-dependent stresses are divided by the applied strain to calculate 
the time-dependent elastic secant modulus (Et). The calculated elastic moduli are normalized by 
the corresponding initial value (E0) and plotted in Fig. 4.4. The figure shows that the normalized 
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elastic moduli obtained from the creep and relaxation test data for the particular stress and strain 
levels are close to each other. The normalized modulus can be represented using a power-law 
model, as in Eq. (4.9) 
𝐸𝑡
𝐸0
= 0.9582𝑡−0.07                                                      (4.9)  
 
The normalized modulus (Eq. 4.9) can be used to estimate the elastic modulus at any time 
through multiplying by the initial modulus (strain-rate dependent) of the material. Thus, the long-
term modulus is dependent on the initial modulus, accounting for the effect of short-term 
deflections on the long-term deflections. Deflections calculating using FE analysis with constant 
time-dependent modulus are compared with those from the rigorous time-dependent analysis in 
Table 4.4. The deflections calculated using the simplified FE analysis using a constant elastic 
modulus are within 3% of the deflections calculated using rigorous time-dependent FE analysis. 
Thus, the simplified approach of FE analysis (based on a constant elastic modulus) can reasonably 
be applied to calculate the time-dependent or long-term deflections. Considering that the stress 
levels expected for buried pipe are typically less (Bilgin et al. 2007), Eq. (4.8) can be used to 
calculate the time-dependent elastic modulus for estimating the long-term deflections using the 



















Table 4.4: Comparison of time dependent deflections 
Time 
Vertical Deflection (mm)  Horizontal Deflection (mm) 
Using time-
dependent  










0 3.62 3.57  1.7 1.69 
5000 3.85 3.71  1.4 1.50 
10000 3.87 3.75  1.36 1.45 
15000 3.88 3.77  1.34 1.43 
20000 3.898 3.78  1.33 1.4 
25000 3.9 3.79  1.32 1.38 






























4.3.5 The Proposed Method of Deflection Calculation 
The above study reveals that the short-term and long-term pipe deflections calculated using 
the rigorous time-dependent models can reasonably be obtained using an equivalent linear model 
(with a constant modulus of elasticity). However, the short-term modulus of elasticity is strain-
rate dependent. The long-term modulus of elasticity also depends on the initial stress/strain levels. 
The following methods are proposed for calculating the deflections of buried MDPE pipes, 
accounting for the strain-rate dependent short-term modulus and stress-dependent long-term 
modulus. 
• For short-term deflection, Eq. (4.8) can be used to calculate the strain-rate dependent 
modulus of elasticity of the pipe material. To estimate the strain rates during design, the 
maximum strain corresponding to an applied load can be first calculated using a constant 
modulus. Then, the rate of strain can be calculated through dividing the maximum strain 
by the duration for the application of the load (i.e., construction period). 
• For long-term deflection, Eq. (4.9) can be used to calculate the time-dependent modulus, 
where the initial modulus (E0) is the short-term modulus calculated in the above step. 
4.3.6 Evaluation of the Simplified Design Equation: 
The deflections obtained from the FE analysis are compared with those calculated using 
the simplified design equation (Eq.4.7) for evaluation. The deflection lag factor Di and the constant 
kb in Eq. (4.7) are assumed as 1 and 0.1, respectively, as suggested in Zhou et al. (2017). All other 
parameters are as those used in the FE analysis. Fig. 4.5 compares the calculated short-term 
deflections with the various rates of loading. It shows that the simplified design equation 
overestimates the vertical deflections with respect to the FE calculations. The maximum 










Fig. 4.5.  Comparison of deflections from FE analysis and simplified design equation. 
4.4 Pipelines Subjected to Lateral Ground Movement 
Pipelines buried underground are often exposed to various hazards, including differential 
ground movement resulting from natural disasters (e.g., landslide, earthquake, etc.) and human 
activities (e.g., construction, mining, tunneling, etc.). The ground movements have been identified 
as one of the significant causes of pipeline failure (CEPA 2017). The pipelines can be subjected to 
longitudinal, lateral and/or oblique ground movements depending upon ground movement 
orientation.  A problem of pipelines subjected to lateral ground movement is investigated here. 
Early research on pipelines subjected to a lateral ground movement focused on identifying 
the loads on the pipe. Audibert and Nyman (1978) conducted tests with steel pipes of different 
diameters (25 mm, 60 mm and 114 mm) and observed the soil load against the pipe’s lateral 
displacements in sand. Trautman and O’Rourke (1983) also conducted full-scale experiments and 


























soil under plane strain conditions. Based on these studies, load-displacement relations were 
developed, which are used as the basis of calculating spring constants to represent soil-pipe 
interaction for the analysis of pipelines. The current industry practice for pipe stress/strain 
assessment is to idealize the pipeline as a series of beams and model the soil-pipe interaction using 
Winkler springs. ALA (2001) recommends the spring parameters to represent soil resistance in 
lateral, axial, and vertical directions.  Almahakeri et al. (2012 & 2014) conducted large scale tests 
with steel pipes and Glass Fiber Reinforced Polymer (GFRP) pipes to experimentally examine the 
bending behavior of the buried pipes. They employed three-dimensional finite element analysis to 
simulate the pipe responses numerically, where the soil was idealized as an elastoplastic 
continuum. However, the continuum-based three-dimensional FE analysis is impractically time-
consuming (Ni et al., 2018). In this regard, a simplified FE modeling idealizing the pipes as beam-
type structures surrounded by a Winkler spring is more suitable for engineering analysis and 
design. Beam-spring type of analysis is, therefore, performed here for the stress/strain assessment 
of MDPE pipes considering the rate-dependent material properties. 
4.4.1 Pipe-Soil Interaction Element  
The pipe-soil interaction (PSI) element available in Abaqus, the finite element analysis 
software, is used to idealize the soil as a Winkler media. The PSI element is a special type of 
element that interacts with the structural beam element, as shown in Fig. 4.6.  One side of the PSI 
element shares nodes with the nodes of the pipe element, which is a beam-type element.  The other 
side of the PSI element represents a far-field surface, where the boundary condition (i.e., ground 
movement) can be applied. The number of nodes on the side sharing the pipeline matches the 
number of pipe/beam element’s nodes. Thus, there are two nodes per side (total four nodes) for a 
linear pipe element and three nodes per side (total six nodes) for the quadratic pipe element (Fig. 
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4.6). Abaqus/Standard provides 4-noded and 6-noded two-dimensional elements (PSI24 and 
PSI26) and three-dimensional elements (PSI34 and PSI36) for modeling soil-pipe interaction. 









           Fig. 4.6. Pipe-soil interaction model: (a) 4 noded PSI element; (b) 6 noded PSI element. 
The deformation in the PSI element is defined as the relative displacements between the 
two edges of the element. If the relative displacement is greater than zero, forces are applied to the 
pipeline nodes. The applied forces can be a linear (elastic) or nonlinear (elastic-plastic) function 
of the “strains,”, defined by 
                                                              𝑖𝑖 = ∆𝑢 . 𝑒𝑖   (4.10) 
Where,    ∆𝑢 = 𝑢𝑓 − 𝑢𝑝, is the relative displacement between two edges (𝑢𝑓  is the far-
field displacement and 𝑢𝑝 is the pipeline displacement); 𝑒𝑖 is the local direction vector. A suitable 
constitutive model is required to calculate the nodal forces from the strains. The constitutive 
relation of PSI elements is usually determined based on experimental results, which is expressed 
as a force per unit length along each of the orthogonal directions.  Data for a linear or a multilinear 
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4.4.2 FE Modeling 
Ground movement due to landslide can impact the pipelines in many different ways 
(Argyrou et al. 2018).  A pipeline crossing a landslide perpendicular to the general direction of 
soil movement (Fig. 4.7) is considered in the present study. Distribution of the ground movement 
over the length of the pipe affected by the landslide is shown in Fig. 4.7b. The ground deformation 
is the maximum at the center of the affected zone and the minimum near the margins. The length 
of the affected zone can vary from several meters to over kilometers. A landslide length of 8 m is 
considered in the present study to demonstrate the effect of time-dependent pipe material’s 
behavior.  












                                             (b) Distribution of ground movement 
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Two-dimensional FE analysis is performed for investigation of the pipe subjected to the 
lateral ground movement. A type of beam element (PIPE21 in Abaqus) is used to idealizing the 
pipe, and the element PSI24 is used to model the soil-pipe interaction. The displacements 
corresponding to the ground movement are applied to the pipe. Researchers employed cosine 
functions to approximate the type of ground movement shown in Fig. 4.7b (O’Rourke 1989, Suzuk 
et al. 1988, Ni et al. 2018b).  The deflections given by the cosine function shown in Eq. (4.11) are 
applied in the perpendicular direction of the pipeline. 





   (4.11) 
In Eq. (11), y(x) is the ground displacement at a distance x measured from the center of the 
ground movement zone, W is the width of the zone, and  is the peak ground displacement (at the 
center).  The power of the cosine term (i.e., 2) in the equation accounts for the spread of the area 
with a smaller power corresponding to a greater spreading.   
Fig. 4.8 shows the finite element mesh used in the analysis. A pipe length of 10 m is 
modeled, which is 2 m greater than the width of the ground displacement zone. The pipe is 
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For the MDPE pipe material, the rate-dependent material model developed in chapter 3, is 
used here.  Poisson’s ratio of the MDPE is assumed to be 0.46. A bilinear (elastic-perfectly plastic) 
constitutive model is used for the PSI elements to model the nonlinear soil pipe interaction. The 
parameters for the constitutive model are selected based on a previous study (Luo et al., 2014). 
Table 4.5 shows the detailed parameters considered in this study. 
        Table 4.5: Parameters considered for the analysis of pipe subjected to ground movement. 
 
4.4.3 Time-Dependent Responses 
To investigate the effects of the rate of ground movement on the pipe responses, the 
deformation is applied at five different rates, such as 1.5 m/s, 0.15 m/s, 1×10-2 m/s, 1×10-3 m/s, 
and 1.5×10-5 m/s, respectively. The maximum pipe stresses calculated due to rate-dependent 
ground movement is illustrated in Fig. 4.9. This figure shows that the pipe stress increases with 
the increase of ground displacement. The rate of increase of the stress is higher for higher rates of 
ground displacement. At the peak displacement of 0.6 m, the maximum pipe stress increased from 
6.9 MPa to 14.3 MPa (more than double) for an increase of the ground movement rate from 1.5×10-
5 m/s to 1.5 m/s. Thus, the buried MDPE pipe can experience stress as high as its allowable limit, 
depending on the size of the landslide and the rate of the ground movement. However, the strain 
Item Parameter Numerical model 
Pipe Diameter, D(mm) 110 
Wall thickness, t (mm) 6.3 
Material Time-dependent model 
(Das and Dhar 2020) 
Ground 
displacement 
Peak ground displacement, (m) 0.6 
Width of ground movement zone (m) 8.1 
Springs Axial resistance, (kN/m) 12.38 
Axial elastic displacement, (mm) 8 
Lateral resistance, (kN/m) 31.21 
Lateral elastic displacement, (mm) 8 
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on the pipe wall during the ground movement process may not be significant. Fig. 4.10 shows the 
maximum pipe wall strains against ground displacement for different movements rates. As in pipe 
wall stress, the maximum strains occur at the mid-length of the pipe. For the range of ground 
movement rate considered, the maximum pipe wall strain ranges from 3.9% to 4.7% at the peak 
displacement of 0.6 m. The smallest strain is for the highest rate of ground movement, unlike the 
stress. The stress was the maximum for the highest rate of ground movement. Note that the effect 
of the ground movement rate on the pipe wall strain is less significant (the difference is 17%) 
than the pipe wall stress.  
































Deflection rate: 1.2×10⁻³ m/s
Deflection rate: 1.5×10⁻⁵ m/s
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                             Fig. 4.10. Maximum strain at different rates of ground movement. 
The pipe stress and strain experienced by MDPE pipe after the incident of ground 
movement will change with time due to the time-dependent property of the material. The changes 
in the maximum stress and strain corresponding to the highest ground movement rate are 
calculated using the proposed power-law model for MDPE pipe shown in Eq. (4.9).  Fig. 4.11 
shows the changes in stress and strain over a period of 50 years. The stress is found to reduce by 
about 35% in 50 years since the incident of ground movement (i.e., reaching the maximum 
displacement of 0.6 m). However, the pipe wall strain continues to increase with time. In 50 years, 

























Deflection rate: 1.2×10⁻³ m/s











Fig. 4.11. Time-dependent responses of the deflected pipe. 
4.5 Conclusions 
In this paper, the time-dependent behavior of buried MDPE pipe is investigated considering 
a conventional buried pipe problem under vertical load and a pipeline subjected to rate-dependent 
lateral ground movement. A rigorous modeling technique and an equivalent simplified method 
(using secant modulus) were employed to recommend a practical approach to account for the time-
dependent effects during analysis. The major findings of this study are as follows: 
1) The rigorous time-dependent modeling technique can be used to investigate the responses of 
buried pipes having time-dependent material properties.  
2) For the pipe under the vertical load, the pipe’s vertical deflection is higher, and the horizontal 
deflection is less for a slower loading rate. Beyond the loading stage, the vertical deflection 
increases and the horizontal deflection decreases with time under a fixed applied pressure. 









































under the constant load. Thus, long-term vertical deflection is the primary consideration for 
the design of the pipe. 
3) The rate-dependent constant modulus proposed by the authors can reasonably be used to 
calculate the short-term deflections during the application of loads. For calculation of the 
long-term deflection (under a fixed applied pressure), a time-dependent secant modulus can 
be used. However, the time-dependent soil modulus depends on the initial stress level in the 
pipe. An equation for time-dependent normalized modulus is proposed for calculating the 
secant modulus at a given time (t). Based on these observations, simplified methods are 
proposed for calculating the short-term and long-term deflections of buried MDPE pipes 
using a constant elastic modulus. 
4) The existing simplified design equation is found to overestimate the deflections of MDPE 
pipes. 
5) For the pipes subjected to lateral ground movement, stresses experienced by the pipe are 
higher for a higher rate of ground movement. However, the pipe strain is less for the higher 
ground movement rates. The effect of the ground movement rate on the increase of the stress 
is also significantly higher than the effect on the decrease of pipe wall strain. 
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Conclusions and Recommendations for Future Research 
5.1 Conclusions 
Buried MDPE pipes are widely used for liquid/gas distribution systems. As MDPE 
possesses viscous properties, understanding and modeling the time-dependent behavior are 
required for performance assessment of the pipes. The objective of the present study is to 
systematically investigate the nonlinear time-dependent behavior of an MDPE pipe material using 
laboratory tests and numerical methods. A literature review is conducted first (presented in Chapter 
2), which provides a theoretical background and the concerns for the experimental investigation 
and the theoretical development of the constitutive models. 
This thesis work has incorporated the following tasks: 1) systematic experimental 
investigation to characterize the nonlinear time-dependent behavior of MDPE pipe material under 
various loading conditions; 2) development of rate-dependent constitutive relations based on the 
experimental investigations; 3) development of a FE modeling technique to simulate the nonlinear 
time-dependent behavior; 4) Application of developed modelling framework to a conventional 
buried pipe subjected to ground and surface load and a pipeline subjected to rate-dependent lateral 
ground movement. A summary of each of these tasks is given in this chapter, followed by 
recommendations for future research. 
5.1.1 Experimental Investigation Under Uniaxial Tension Test 
Tests are conducted with samples (coupons) cut from the wall of a 60 mm diameter MDPE 
pipe and a sample of a full cross-section of the pipe. The test program includes uniaxial testing at 
102 
 
various strain rates to capture the effects of loading rates, creep testing, and relaxation testing. The 
followings are the major conclusions from the test program: 
• Under both loading and unloading conditions, the stress-strain responses are found to 
be highly nonlinear and strain rate dependent. However, these can be approximated as 
linear at a very small strain. During the experimental investigation, no strain rate history 
dependence and cyclic hardening were observed.  
• The stress-strain response can be approximated to be independent of the strain rate at or 
below 10-6/s. This strain rate of 10-6/s can be termed as ‘reference strain rate’ for isotach 
based modeling.  
• Initial values of the modulus of elasticity of MDPE are strain-rate dependent. For a strain 
of 10-6/s to 10-2/s, the initial moduli ranged from 325 MPa to 1,054 MPa. 
The conclusions are valid for the strain rates contained in the range of experiments.   
5.1.2 Development of Rate Dependent Constitutive Relations 
The hyperbolic model, as one of the simplest approaches to model nonlinearity, was used 
to develop nonlinear strain-rate dependent constitutive relations for MDPE. The model proposed 
in Suleiman and Coree (2004) is employed. The model parameters are determined based on the 
strain-rate dependent stress-strain relations obtained from the uniaxial tensile tests. As the stress-
strain response corresponding to the reference strain rate is independent of strain rate, the strain 
rate-independent initial modulus and hyperbolic constant are used to model the stress-strain 
response at and below the reference strain rate. 
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5.1.3 Development of FE Modeling Technique 
A new modeling technique is proposed for FE modeling of nonlinear strain-rate dependent 
material behavior of MDPE pipe material using Abaqus. The modeling approach can successfully 
simulate the strain rate dependent stress-strain response observed in laboratory tests. It also 
reasonably simulates the loading-unloading-reloading response and a change in the strain rate. To 
account for the nonlinear time dependent responses, the creep law model is implemented in the 
proposed framework. The proposed creep law model successfully simulates the observed creep 
and relaxation behavior. The creep law model involves three parameters (A, n, m). The magnitude 
of ‘A’ and ‘m’ are found to be independent of applied stress and strain levels, while parameter ‘n’ 
was found to increase with the increase of stress levels in creep tests and decrease with the increase 
of strain levels in relaxation tests. 
5.1.4 A Conventional Buried Pipe Subjected to Ground and Surface Load 
The developed time-dependent modelling framework was employed to investigate a 
conventional buried pipe subjected to ground and surface load. The major findings of this study 
are as follows: 
•  The time-dependent responses of buried pipes can be investigated using the developed time-
dependent modeling technique.  
• For a slower loading rate, the vertical deflection of pipe is higher, and the horizontal 
deflection is lower. After the loading stage, the vertical deflection is found to be increased, 
and the horizontal deflection to be decreased with the increase of time. Hence, the long-term 
vertical deflection is the primary consideration for the design of pipe. 
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• In this study, the author has proposed rate-dependent constant moduli which can be used to 
calculate the short-term deflections during the application of loads. A time dependent secant 
modulus can be used for calculation of long-term deflection (under a fixed applied pressure). 
• Existing simplified design equation overestimates the deflections of MDPE pipes. 
5.1.5 A Conventional Buried Pipe Subjected to Lateral Ground Movement 
A pipeline subjected to the rate-dependent lateral ground movement was investigated using 
the developed time-dependent modeling framework. The major findings of this study are as 
follows: 
• The rate of ground movement highly influences the responses of buried pipes. The stresses 
developed on the pipe are found to be higher and the pipe wall strain is found to be lower for 
a higher rate of ground movement. Also, the influence of increasing the ground movement 
rate on the increase of the stress is significantly higher than the effect on the decrease of the 
pipe wall strain. 
• After the incident of ground movement, the pipe wall stresses decrease, and the pipe wall 
strain increases with time. 
5.2 Recommendations for Future Study 
The study presented here investigates the mechanical properties of MDPE pipes commonly 
used in the Canadian gas distribution system (CSA B 137.4 certified). The study reveals that the 
mechanical properties of MDPE are highly nonlinear, rate-dependent, and time-dependent. 
Although the study is mainly focused on the research findings on the MDPE pipe, the theoretical 
derivations/approach is equally applicable to other flexible pipes employed in different 
applications. Some specific recommendation for future research in this area included below: 
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1) In the present study, the stress-strain behavior of MDPE was examined for a range of strain-
rates of 10-6/s to 10-2/s. It is recommended to explore the stress-strain relation at a much 
slower strain-rate to confirm the reference strain-rate found from this study. Tests could 
also be performed at a much faster rate to examine the behavior.  
2) The relaxation and creep behaviors are examined here for limited strain and stress levels, 
respectively. It is recommended to conduct tests for wider ranges of stresses and strains. 
The relaxation and creep also need to be investigated over a longer duration.  
3) The primary, secondary and tertiary levels of creep are not investigated in this research. It 
is the opinion of the author that these creeps would be stress or strain-rate dependent and 
have a correlation with the material responses at the reference strain-rate, which require 
further exploration. 
4) The models developed in the present study are specifically for analyzing MDPE pipe 
structures. It also has the potential for application to other polymer materials with the 
appropriate calibration of the material parameters. 
5) Temperature dependency has not been considered in the present study, which can be a 
scope for future study. 
6) The time-dependent modelling framework developed in this research for MDPE pipe can 
be used for investigating other practical problems like pipelines subjected to oblique 
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A sample of inp file used in Chapter 3 for modeling purpose have been attached below  
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